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ABSTRACT 
 
Retrofitting by technology upgrade is one of the main approaches to improve heating, 
ventilation, and air conditioning (HVAC) system energy efficiency and reduce 
greenhouse gas emissions. However, it is not unusual for HVAC retrofits to fail to 
achieve the expected performance level. This has given rise to the so-called “gap” 
between the expected and actual performance of retrofitted HVAC systems. Although 
green technologies have been invented in order to reduce operational energy, many 
designers and contractors do not have adequate technical and managerial experience to 
use advanced green technologies. In addition, the lack of guidelines and poor awareness 
of green project management commonly make the outcomes of retrofitting projects 
uncertain. These knowledge gaps and practical deficiencies have in the past prevented 
practitioners from achieving performance-based HVAC retrofits. Therefore, a systematic 
approach should be developed to improve the performance of retrofitted HVAC systems. 
This research aims to develop a toolkit that presents a systematic process to inform 
stakeholders in HVAC retrofitting projects. The toolkit is expected to encapsulate and 
analyse the relationship between key performance attributes and critical success factors 
which affect the HVAC retrofitting. The six main objectives of this research are: (1) to 
identify the key performance attributes affecting the client’s decision-making in HVAC 
retrofits, (2) to identify the critical success factors influencing the planning, design, 
construction, and operation and maintenance of retrofitted HVAC systems, (3) to identify 
stakeholders' perspectives on key performance attributes and critical success factors, (4) 
to investigate the relationships between the key performance attributes and the critical 
success factors, (5) to develop an analytical network process (ANP) model to assess the 
success of HVAC retrofits, and (6) to develop a toolkit capturing the outcomes of the 
above, which can be used in a green HVAC retrofit for an expected level of performance.  
This research adopts a quantitative approach to seek solutions to address the research 
questions. Based on factor analysis of a sample of 144 HVAC practitioners’ responses 
collected by means of a questionnaire survey, the research identifies the key performance 
attributes and critical success factors in HVAC retrofits. ANOVA and t-tests are 
employed to test whether there were statistically significant differences in the importance 
XIV   
of the attributes and factors between different respondent groups. To explore the 
relationships between the attributes and the factors, multiple regression and correlation 
analysis are used to describe the strength and intensity of the relationships. Finally, an 
ANP approach is used to develop a model to examine the interrelationships among the 
factors, which will help stakeholders to determine the success of a HVAC retrofit.   
Findings from the research are categorised into four areas: (1) the identification of seven 
key attributes and eight critical factors of HVAC retrofits; (2) the identification of the 
different stakeholders’ perspectives on a green retrofit project; (3) the investigation of the 
relationship between attributes and factors; (4) the development of a decision-making 
approach for measurement of the success level in HVAC retrofits.  
This study contributes to new knowledge and improved understanding of HVAC retrofits 
in four areas: (1) the seven important attributes and eight important factors can not only 
help clients evaluate green HVAC retrofitting opportunities but also provide stakeholders 
with comprehensive information to assess the performance of retrofitted HVAC systems; 
(2) the different stakeholders’ perspectives on a green retrofit project can improve the 
stakeholders’ awareness of potential conflicts in HVAC retrofit projects, and ensure that 
the different expectations, agendas and interrelationships are well understood and 
managed; (3) the relationships between the attributes and the factors can provide valuable 
information for stakeholders, and in the fulfilment of the expectations of clients, 
stakeholders will know what they have to do is fully committed to the joint efforts; (4) the 
ANP technique is demonstrated to provide effective solutions and to facilitate the 
evaluation of the success of HVAC retrofits. This research also has significance for the 
industry sector. The toolkit, which comprises strategies, decision-making methods and 
major retrofitting activities, outlines a systemic process for stakeholders to implement the 
planning, design, construction, operation and maintenance of HVAC retrofitting projects. 
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CHAPTER 1  
Introduction  
 
1.1 Research background  
 
1.1.1 Why HVAC retrofitting is needed 
 
As global warming has been recognized as a key issue in recent years, many national 
governments are making great efforts to reduce carbon emissions in the years to come 
(Liu et al., 2009). Commercial buildings contribute significantly to resource consumption, 
as well as to other environmental impacts, such as the emission of pollutants and solid 
waste. For example, in Australia, the scale of primary energy consumption by the 
commercial sector was 20% in 2005 and 27% in 2006 respectively (EEGO, 2007). 
Scheuer et al. (2003) have estimated that the current trend of carbon emissions from 
energy consumption in building operations could increase by 22% over the 2006 level in 
the next decade. Therefore, rapid enhancement of energy efficiency in existing buildings 
is essential for a timely reduction in global energy use and the promotion of 
environmental sustainability (Ma et al., 2012).  
Many governments and international organisations have established a number of policies 
and regulations in order to improve building performance and reduce greenhouse gas 
emissions. The International Energy Agency (IEA) has launched a set of Annex projects 
to promote energy efficiency of existing building, including Annex 46, Annex 50, Annex 
55, and Annex 56 (IEA, 2013). Energy performance contracting has been introduced as a 
market mechanism to provide major advantages for building clients to conduct building 
energy efficiency retrofitting projects, which include energy savings guarantees and 
associated design and installation services for energy efficiency projects (Xu et al., 2011; 
Xu and Chan, 2013). The Australian government has introduced more stringent 
regulations to improve building energy efficiency. The Energy Efficiency in Government 
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Operations policy (EEGO, 2007) aims to reduce the energy consumption of Australian 
government operations, with particular emphasis on building energy efficiency. From 
2010, mandatory disclosure of the National Australian Built Environment Rating System 
(NABERS) when selling or leasing a building has made carbon emissions more public 
(Beattie, 2009). These efforts have provided policy guidance, financial assistance and 
technical support for the implementation of energy efficiency measures in existing 
buildings. 
In contemporary buildings, the heating, ventilation and air-conditioning (HVAC) system 
is an essential building service system, which provides a comfortable indoor environment 
for people to live and work (ASHRAE, 2000). Research on building energy usage has 
found that HVAC systems alone generally account for more than 50% of the total 
building energy usage (Ning and Zaheeruddin, 2010; Wong and Li, 2010).  Therefore, in 
order to improve the energy performance of existing buildings, upgrades of HVAC 
systems are generally required. Consequently, innovative work has been carried out by 
architectural and engineering groups to retrofit HVAC systems and to reduce carbon 
emissions (Ascione et al., 2011; Chidiac et al., 2011a, b; Dascalaki and Santamouris, 
2002; Gamtessa, 2013). Efforts have been made by scholars and industry practitioners to 
create various advanced green technologies for HVAC systems. For example, new direct 
digital control systems provide a better climate while reducing energy costs. High-
efficiency or alternative-fuel chillers can reduce the cost of air conditioning. Variable 
frequency drives can improve the operating efficiency of both chillers and fan systems. 
Inter-operable building automation systems give facility executives the tools they need to 
better manage operations. Meanwhile, tenants have an ever-growing demand for 
sustainability, which places greater pressure on existing building owners to improve their 
assets. A significant gap that emerges between the rents achieved in the property and 
those in the same or equivalent locations is also an issue to most owners of existing 
buildings. In order to attract and maintain long-term tenants, building owners need to 
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1.1.2 Why HVAC retrofitting is a challenge 
 
A common problem in HVAC retrofits is that the performance often differs from the 
expected performance, with some succeeding and some failing to meet the expected 
targets (Mitchell, 2009). This has given rise to the so-called “gap” between the expected 
and actual performance of retrofitted HVAC systems, which has been documented in 
several studies (Asadi et al., 2012; Azar and Menassa, 2012; Xing et al., 2011).  Many 
detailed co-heating tests have been performed by Wingfield and his colleagues to measure 
whole building heat loss coefficients on a variety of new build dwellings. The results 
show that the measured heat loss coefficients are almost always higher than predicted, 
sometimes by as much as 100% more (Wingfield et al., 2011). They also performed co-
heating tests to observe the performance at each stage in retrofitting projects. However, 
the results were not as good as predicted  (Wingfield et al., 2011). This is likely to be 
attributable to a combination of incompletely understood prediction techniques, together 
with a failure to achieve the specified performance in practice. Therefore, underlying the 
performance gap problem is a set of fundamental questions about the design and 
construction process (Stafford et al., 2011). Although there is case evidence of the 
existence of a performance gap, very little is known about the links between process and 
performance.   
In addition, as the history of advanced green technologies in construction is very short, 
many designers and contractors do not have adequate technical and managerial 
experience to use the advanced technologies (Mitchell, 2009). The lack of guidelines and 
poor awareness of green project management commonly cause  the outcomes of 
retrofitting projects to be uncertain (Jones et al., 2013). This area is worth exploration, 
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1.2 Research questions  
 
Based on the aforementioned research background, the research questions can be defined 
as follows: 
1. What are the key considerations influencing the client’s decision-making in HVAC 
retrofits? 
2. What are reasons for retrofitting solutions failing to meet the expected performance 
targets?  
3. How can retrofits be improved to better meet HVAC performance targets? 
  
 
1.3  Research aim and objectives 
 
This research aims to develop a toolkit that presents a systematic process to inform 
stakeholders in HVAC retrofitting projects. In order to answer the above three research 
questions, six research objectives were established, as listed below:  
1. To identify the key performance attributes affecting the client’s decision-making in 
HVAC retrofits. 
2. To identify the critical success factors influencing the planning, design, construction, 
and operation and maintenance of retrofitted HVAC systems. 
3. To identify stakeholders' perspectives on key performance attributes and critical 
success factors. 
4. To investigate the relationships between the key performance attributes and critical 
success factors.  
5. To develop an analytical network process (ANP) HVAC retrofit assessment model. 
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6. To develop a toolkit capturing the outcomes of the above, which can be used in green 
HVAC retrofits to achieve an expected level of performance. 
 
 
1.4  Research methodology 
 
The methodology was chosen to achieve the research objectives and to be consistent with 
the internal logic of the study. The main research methods include literature review, 
questionnaire surveys, statistical analysis, and decision-making methods. Two or more 
methods, either qualitative or quantitative, have been combined to achieve a certain 
objective. 
In this study, a comprehensive literature review was undertaken in the first instance to 
identify a potential problem worthy of research. Then, a further literature review was 
employed to select the preliminary attributes affecting client’s decision making on HVAC 
retrofits and the preliminary factors affecting HVAC retrofits. After that, a questionnaire 
was designed based on selected attributes and factors. The target respondents were 
requested to complete questionnaires and the data collected was examined through a 
series of statistical analyses to identify the attributes and factors and investigate the 
relationships between the attributes and factors. Finally, a multi-decision-making model 
was developed using the ANP approach to prioritize the factors and predict the success 
level of the HVAC retrofitting projects. Details of the research methodology are 
discussed in Chapter 3. 
 
 
1.5  Scope of the study 
 
Representing a significant part of green buildings, HVAC systems play an important role in 
achieving the objectives of these buildings. The present research is limited to an exploration 
of the issues in HVAC retrofits. In order to close knowledge gaps in the extant literature, 
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three aspects are selected to represent the key issues in HVAC retrofits. These aspects are 
(1) the key performance attributes affecting clients’ decisions in HVAC retrofits; (2) the 
critical success factors influencing the performance of retrofitted HVAC systems, and (3) 
the development of smart decision-making models.  
 
This research explores HVAC practitioners’ comments regarding the key performance 
attributes and critical success factors with the aid of a questionnaire survey. Therefore, 
the selection of respondents for the survey was critical. HVAC practitioners may include 
all people whose work is relevant to HVAC retrofits. However, in view of their direct 
influence on HVAC retrofits, only three types of stakeholders were chosen for the present 
study, i.e. clients (including owners and developers), designers (including HVAC 
engineers and consultants), and contractors. 
 
 
1.6 Structure of the thesis  
 
The thesis consists of seven chapters. Each chapter begins with an introduction and ends 
with a brief summary. 
Chapter 1 has introduced the motivations and reasons for this research and provided an 
overview of the research. The research tasks have been established based on the 
knowledge gaps identified in extant HVAC retrofitting research, and the key research 
questions and objectives of the research have been indicated. The remainder of this 
section explains how the thesis has been structured. 
Chapter 2 provides a detailed review and analysis of the current research on and practice 
of HVAC retrofitting, and presents the state-of-the art existing studies on HVAC 
retrofitting. The literature review also highlights the limitations of previous studies and 
the knowledge gaps. Following a comprehensive literature review, 26 preliminary 
attributes affecting client decision-making on HVAC retrofits are summarized. Similarly, 
51 preliminary factors affecting HVAC retrofits are established.  
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Chapter 3 describes and justifies the research design used in achieving the research 
objectives described in Chapter 1. The nature of this research is explored by investigating 
the different aspects relevant to designing the research study; these aspects include the 
purpose of the study, types of investigation, extent of researcher interference, study 
setting, unit of analysis, and time horizon. The detailed research process and the methods 
used to gain knowledge are explained in this chapter. 
Chapter 4 identifies the most important attributes affecting client decision-making on 
HVAC retrofitting and the most important factors affecting the performance of retrofitted 
HVAC systems. A questionnaire was designed based on the preliminary attributes and 
factors selected on the basis of the literature review in Chapter 2. The questionnaires were 
delivered to three groups of experts: clients, HVAC contractors, and HVAC designers. 
Seven important attributes and eight important factors are identified through the use of 
factor analysis. The differences in the importance of the attributes and factors between the 
different groups of experts are also investigated. Two statistical techniques are employed 
consecutively to explore the relationships between the important attributes and the 
important factors. First, multiple regression is applied to define the nature and character 
of the connections between the attributes and the factors. Then, based on the results 
obtained from regression analysis, a correlation analysis is carried out to describe the 
strength and intensity of the relationships between the attributes and the factors. 
Chapter 5 implements the ANP approach for the evaluation of the success of HVAC 
retrofitting projects. Super Decision software was used to develop and calculate the ANP 
model. HVAC experts are invited to identify the possible dependencies among elements 
and conduct the pairwise comparisons. The results enable the factors to be prioritised and 
the success of HVAC retrofitting projects to be predicted.  
Chapter 6 interprets the results of the data analysis, and reports and discusses the 
empirical findings. This chapter begins with the presentation of some general findings 
from the perspective of all participants and provides a basic idea regarding HVAC 
retrofits. Then, the comparisons of different participants’ perspectives are discussed. The 
relationships between the attributes and factors identified by regression and correlation 
analysis are interpreted. The findings of the ANP model are reported. The findings 
presented in this chapter provide solutions to research questions 1, 2 and 3. 
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Chapter 7 describes the achievement of the research objectives and sets out the 
conclusions, contributions and implications of the research. This chapter also addresses 
the limitations of the research and proposes future research directions. 
 
A number of appendices display supporting evidence associated with this research. 
 
 
1.7 Chapter summary  
 
This chapter has laid the foundations for the thesis. It has introduced the research 
background and then presented the research questions and objectives. The research 
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2.1 Introduction  
 
This chapter presents the literature relevant to the research topic. The background of the 
development of HVAC retrofitting is first discussed, including the benefits of HVAC 
retrofits, barriers to HVAC retrofits, advanced HVAC retrofitting technologies, current 
methods and strategies in HVAC retrofitting, and common issues leading to the poor 
performance of HVAC retrofits. Then, factors affecting client decision-making on HVAC 
retrofits and those influencing the performance of retrofitted HVAC systems are proposed. 
Finally, the limitations of the current research are presented.  
 
2.2 Benefits of and barriers to HVAC retrofitting 
 
2.2.1 Definition of HVAC retrofitting 
 
HVAC retrofitting provides an opportunity to use equipment of higher efficiency and add 
features in existing buildings, in order to increase user comfort and reduce energy 
consumption. For example, the use of multiple-speed heating or cooling equipment can 
better match building loads, and adding economizers can reduce electricity consumptions. 
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2.2.2 Benefits of HVAC retrofitting 
 
In most developed countries, more than 98% of the building stock consists of existing 
buildings, and new construction accounts for 1 to 1.5 percent of the total building stock at 
any time (Bernstein and Russo, 2009; Tobias and Vavaroutsos, 2012). For dense urban 
areas, the percentage of buildings represented by new construction may be less.  New 
York City’s Office of Sustainability estimates that of the 950,000 buildings in the city 
today, 85% will still be standing in 2030 (Tobias and Vavaroutsos, 2012). Twelve 
hundred buildings are two-thirds of the commercial buildings in the City of Melbourne 
(CoM, 2010). If two-thirds of the building stock can be retrofitted, there will be a 
383,000-tonne reduction of CO2 each year (CoM, 2010). However, green building 
practices have under-emphasized the importance of sustainable retrofitting of the existing 
building stock across the globe. The benefits of retrofitting are categorized into eleven 
aspects and summarized in detail in the following sections.  
 
 Lower operating costs  
One of the biggest and most obvious benefits of reducing energy consumption in 
buildings is that energy bills are reduced (Loe, 1996; Ma et al., 2012; Stevenson, 2013). 
 
 Higher return on investment and higher rental income  
Tenants are often willing to pay more for leases in buildings with good environmental 
performance and energy efficiency (Loe, 1996; Stafford et al., 2011; Tobias and 
Vavaroutsos, 2012).  
 
 Lower tenant churn and vacancy rates, opening the building to new tenant 
markets 
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Many government departments now require minimum energy efficiency and 
environmental performance levels from the office spaces they lease. The private sector is 
starting to make similar demands. When a building meets or exceeds these expectations, 
tenants are likely to stay in the building longer and this may also be a factor in attracting 
new tenants (Miller and Buys, 2008; Qian et al., 2011; Sneirson, 2009). 
 
 Higher overall capital value of the building  
Improvements to a building’s systems and infrastructure increase its overall capital value 
(Miller and Buys, 2008; Tobias and Vavaroutsos, 2012; Yudelson, 2010). 
 
 Lower environmental footprint and greenhouse gas emissions 
A building that uses less energy is responsible for fewer greenhouse gas emissions. 
Retrofits also present the opportunity to improve waste management, use more 
sustainable construction materials and improve water efficiency (Stafford et al., 2011; 
Stevenson, 2013; Zmeureanu, 1990). 
 
 Improved indoor environment quality 
Indoor environment quality has become an important issue in modern office buildings. 
Retrofits offer the perfect opportunity to improve indoor environment quality, which in 
turn may have benefits for tenant health and productivity (Fisk, 2000; Ma and Wang, 
2009; Tobias and Vavaroutsos, 2012).  
 
 Money saved investing in energy infrastructure 
California’s Sustainable Building Task Force estimates that “minimal increases in upfront 
costs of about 2% to support green design would, on average, result in life cycle savings 
of 20% of total construction costs - more than ten times the initial investment” (Kats et al., 
2003). These economic savings are achieved primarily through lower operations and 
maintenance costs, specifically lower utilities costs for electricity, water and waste 
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disposal. If a building becomes more energy efficient, it is possible to save both time and 
money (Loe, 1996; Stevenson, 2013; Zmeureanu, 1990).  
 
 Future-proofing against tenant demands and government regulations 
Many government departments already demand minimum levels of energy and 
environmental performance from the office spaces they lease. In addition, energy-
efficiency measures have been introduced into the Building Code of Australia. A 
retrofitted building will meet the energy efficiency and environmental performance 
demands of the future (Gamtessa, 2013; GBGL, 2008; Jones et al., 2013; Sneirson, 2009). 
 
 Improved corporate image  
The commitment to energy efficiency and sustainability can have corporate image 
benefits. More and more tenants are seeking these qualities in the buildings they occupy 
and in the companies they deal with (Fisk, 2000; Kats, 2008). 
 
 Making the building more attractive to investors 
If a building is efficient, with minimal running costs, attracting and retaining quality 
tenants and well-placed to comply with the market demands of the future, it will be more 
attractive to investors (Chan et al., 2009; Qian et al., 2011).  
 
 Benefits for the city  
Retrofitting is not simply delivering individual green buildings, but ultimately delivering 
green cities that have an impact in relation to how to mitigate against the worst 
consequences of climate change (GBGL, 2008; Newton, 2003; Sneirson, 2009). 
Therefore, it can be concluded that green property retrofits are critical to global energy 
conservation and green design and construction technologies will fully realize their 
promise only when applied to the existing building stock. Retrofitting benefits owners by 
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future-proofing building assets against rising energy costs and attracting and retaining 
tenants. It also benefits society by reducing the sector’s contribution to global greenhouse 
gas emissions. Retrofitting provides an opportunity to transform the building marketplace 
and also deliver a return on investment (Dascalaki and Santamouris, 2002; Harris et al., 
2000). It shows that buildings can be made greener and provide better dividends to 
investors. There is no doubt that buyers and indeed renters are very interested in low-cost 
buildings. Tenants have upgraded their buildings to be more energy-efficient, and to be 
more water-efficient, in order to attract more productive workforces (Miller and Buys, 
2008). Workers want to work for companies that are actually engaged in making a 
difference in the environmental space. Any investment in greening up will result in 
handsome dividends and future-proof the building for years to come. 
 
2.2.3 Barriers to HVAC retrofitting 
 
If the reduction in greenhouse gas (GHG) emissions through measures that increase 
building energy efficiency is both financially and environmentally beneficial, why have 
there not been more activities in the building sector to renovate property so as to reduce 
GHG emissions? At the aggregate level, the potential for reduction in emissions and 
energy costs is compelling, but action at the property level has been impeded by a number 
of barriers. Tobias and Vavaroutsos (2012) classify the barriers into five distinct groups: 
financial considerations, disconnect between costs and benefits, lack of knowledge and 
experienced workforce, increased risk and uncertainty, and ignoring small opportunities 
for energy conservation. These are discussed below. 
 
 Financial considerations  
Building owners tend to focus on initial capital costs, without appropriately considering 
medium- and long-term costs and benefits. If owners utilize a very short investment time- 
frame or do not accurately determine the overall rate of return on GHG emission 
abatement measures, the higher upfront costs of more energy-efficient equipment 
discourages their purchase and use (Tobias and Vavaroutsos, 2012; Xu et al., 2012). 
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 Disconnect between costs and benefits 
If building owners bear the costs of GHG-reducing measures, and the benefits, expressed 
as lower energy costs, accrue only to building tenants, there may be a disincentive to 
investment. If the benefit cannot be recouped by the cost bearer, the investment will not 
occur  (Bernstein and Russo, 2009; Tobias and Vavaroutsos, 2012). 
 
 Lack of knowledge and experienced workforce 
A lack of practical understanding among building owners about energy efficiency and 
green building, including over-estimates of the green first-cost premium, hinders 
reductions in GHG emissions. A 2007 survey by the World Business Council for 
Sustainable Development (WBCSD) indicated a high awareness of green building among 
real estate professionals and building owners (WBCSD, 2008). It also indicated that less 
than 13% of those surveyed had been involved with green building. The lack of 
experienced service providers ultimately raises the cost of GHG emission reductions 
(Dixon and Eames, 2013; Ma et al., 2012; Tobias and Vavaroutsos, 2012).  
 
 Increase in risk and uncertainty 
The lack of practical green knowledge among real estate professionals compounds the 
problem of assessing green building and energy-efficient practices. Because some GHG 
emission reductions rely on building practices that are perceived as new to a marketplace 
that is traditionally slow to adapt, there is uncertainty about both physical and financial 
performance. In addition, green or energy-efficient building practices may require the use 
of new suppliers and contractors, which could increase the risk profile for the application 
and lower the risk-adjusted financial returns from the retrofits (Dixon and Eames, 2013; 
Ma et al., 2012; Tobias and Vavaroutsos, 2012).  
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  Ignoring small opportunities for energy conservation 
Many small energy-saving measures are overlooked by building owners, especially in 
residential structures. At the aggregate level, the reductions in GHG emissions from such 
measures are substantial, but if the return on investment for these measures does not 
satisfy owners’ minimum return thresholds, the measures will not be undertaken (Jones et 
al., 2013; Miller and Buys, 2008; Tobias and Vavaroutsos, 2012).  
 
Although some of these impediments have limited the large scale application of green 
retrofits in the past, there is growing consensus that many of these barriers are 
diminishing. As property owners, tenants, contractors, and bankers begin to appreciate the 
value proposition of a green strategy, there is lessened resistance and greater comfort with 
the green retrofit process. Heightened understanding of the business case for green 
commercial property retrofits in general and green office retrofits in particular, may be 
expected to motivate property developers, owners, and investors to direct capital into 
green and energy-efficient renovations. 
 
2.3 Advanced HVAC retrofitting technologies  
 
At the same time, a range of green technologies applicable to the energy efficiency of 
HVAC systems have been applied in numerous real projects. These retrofitting 
technologies can be categorised into three groups: supply-side management, demand-side 
management, and change of energy consumption patterns (Ma et al., 2012).  
 
2.3.1 Supply-side management 
 
 Page 16    
Retrofitting technologies for supply-side management include electrical system retrofits 
and the use of renewable energy, such as solar energy, co-generation and tri-generation, 
as alternative energy supply systems to provide electricity and thermal energy for 
buildings (Fusion, 2010). Solar thermal collectors have been the favourite technique in 
utilising renewable energy. There is great potential for solar energy to be harvested for 
buildings (Thirugnanasambandam et al., 2010). Co-generation plants supply both power 
and thermal energy using a single fuel to serve one building or multiple buildings. They 
also use less water to generate power than conventional electricity generation plants. 
However, the most common issue encountered with renewable energy systems is cost. 
They are expensive to install, and the energy savings during the life cycle of systems 
cannot recoup the initial investment in many case projects. Therefore, the decision 
whether or not to adopt solar energy systems requires comprehensive life-cycle cost 
assessment and cost-benefit analysis.   
 
2.3.2 Demand-side management 
 
Retrofitting technologies for demand-side management include strategies to reduce 
building heating and cooling demands, and the use of energy-efficient equipment and 
low- energy technologies (Fusion, 2010). The technologies used for reducing building 
thermal demand include natural ventilation, night purging, and building fabric retrofits. 
Space heating is the largest building energy end-use. Retrofitting building fabrics is 
vitally important to reduce energy demand in buildings. External and internal insulation 
are options in common use. Numerous innovative materials have been developed and 
applied in building insulation, such as aerogel (Kamiuto et al., 1999), multi-layer 
insulation (Eames, 2009), transparent insulation (Wong et al., 2007), gas-filled insulation 
(Baetens et al., 2010), and vacuum insulation (Xing et al., 2011). These materials and 
techniques can help refurbished buildings achieve a high level of thermal performance 
without increasing the insulation thickness, which can result in more complex design, 
construction and maintenance during the building’s life. A number of mechanical air-
conditioning technologies have been created and utilised to improve the efficiency of 
HVAC systems, including chilled beams, absorption chillers, variable speed drives and 
flat-panel monitors. For example, one estimate places the amount of air handled at 25 to 
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50% less using chilled beam systems (Alexander et al., 2008). Chen and Demster (1996) 
found that the variable air volume system could be operated below 70% volume over 87% 
of the cooling and heating time. Natural ventilation and night purging are considered 
powerful means to improve indoor air quality. As overheating has been increasingly 
perceived as an issue, natural ventilation techniques have great potential to avoid 
overheating problems in buildings (Xing et al., 2011).  
 
2.3.3 Human factors — energy consumption patterns 
Regarding to the change of energy consumption patterns, motion sensors and building 
management systems are being used to detect  changes in energy consumption patterns 
and adjust building operations (Fusion, 2010). They can contribute to reductions in 
energy usage by automatically turning the service systems off when they are not required. 
Table 2.1 provides a detailed description of innovative technologies related to HVAC 
retrofits.  
Researchers at Salford University have developed a hierarchy model which represents the 
relationship between the cost of implementing retrofitting measures and the 
environmental benefits of the energy consumption (Fusion, 2010). The model 
demonstrates that retrofitting the building fabric, building services systems and metering 
systems require less cost investment while providing much more environmental benefit, 
compared to retrofitting measures using renewable energy technologies. Therefore, the 
project targets and the client’s concern for the environment have a significant impact on 
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Table 2.1 Summary of innovative technologies related to HVAC retrofits  
Category Technologies Description References 
Supply-side management  
Solar energy Solar energy use in commercial buildings falls into two main categories: electricity generation and water heating. Photovoltaic cells can generate electricity when exposed to sunlight. Panels of cells are placed on the external surfaces of a building in order to supply power. Collectors of a solar hot water system are placed on the exterior of the building, which use the sun’s energy to heat water for the building.  
Thirugnanasambandam et al. (2010), Fusion (2010), CoM (2010), Yildiz and Güngör (2009) 
Co-generation/ Tri-generation  
In a co-generation plant, the heat can be used to heat the building or to provide hot water. Tri-generation systems are very similar to co-generation systems, and they can also provide cooling. In a tri-generation system, some of the generated heat is used in conjunction with an absorption chiller to act as a building air conditioning system. 
Fusion (2010), CoM (2010), Yildiz and Güngör (2009), Hestnes and Kofoed (2002) 
Demand-side management — Energy- efficient equipment and low energy technologies 
Natural ventilation  
Natural ventilation systems allow outside air to flow through a building without the use of mechanical aids such as fans. Although a system can be as simple as a window that opens, most natural ventilation systems in commercial buildings are carefully designed to adjust to outside conditions. A natural ventilation system can reduce a building’s energy usage by reducing air conditioning run time and the thermal loads needed. 
Fusion (2010), CoM (2010), Yildiz and Güngör (2009), Orme (2001) 
Night purge In a commercial building, air conditioning runs during business hours and is turned off overnight. Night purge systems provide a low energy solution to expel the excess heat left in the building to the outside throughout the night, rather than using mechanical air conditioning. As a result, the air conditioning system needs to do less work to reach its temperature set point the next morning. 
Fusion (2010), CoM (2010), Yildiz and Güngör (2009), Orme (2001), Ma and Wang (2009) 
Chilled beams Chilled beams are installed at ceiling level. Pipes carry cold water from the building’s chillers through the beams, in order to cool the air around the beams. The cool air falls to the occupied space. They usually need to be used in conjunction with a ventilation system that supplies and exhausts air. 
Fusion (2010), CoM (2010), Yildiz and Güngör (2009), Ma and Wang (2009), Alexander et al. (2008) Absorption chillers Absorption chillers generate chilled water to provide cooling. The absorption chillers are driven by a heat source rather than an electrically powered compressor, compared to the traditional models. In addition to cooling, some models can also be used to heat water.  
Fusion (2010), CoM (2010), Yildiz and Güngör (2009), Ma and Wang (2009) Variable air volume Traditionally, air conditioning system components such as fans and pumps have used constant speed drives. Variable speed drives allow these components to modify the speed to better match the load.  This type of system can achieve significant energy savings.  
Fusion (2010), CoM (2010), Yildiz and Güngör (2009), Ma and Wang 
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(2009)   
 
Table 2.1 Summary of innovative technologies related to HVAC retrofits (continued) 
Category Technologies Description References 
Demand-side management — Heating and cooling demand  reduction 
Building fabric A building’s fabric includes walls, ceilings, windows, floors and doors. It plays an important role in building energy efficiency, which is affected by building fabric insulation.  
Fusion (2010), CoM (2010), Yildiz and Güngör (2009), Flourentzou and Roulet (2002) 
Flat panel monitors Flat panel computer monitors use less energy than traditional cathode ray tube (CRT) monitors. They also generate less heat than CRT monitors, which reduces the thermal load of the occupied space. 
Fusion (2010), CoM (2010), Yildiz and Güngör (2009) 
Human factors — Energy consumption patterns 
Motion sensors A motion detector is a device that detects moving objects, particularly people. A motion detector is often integrated as a component of a system that automatically performs a task or alerts a user of motion in an area.   
Fusion (2010), CoM (2010), Yildiz and Güngör (2009), So and Chan (1999), Wong et al. (2005) 
Building management systems 
Building management systems are central computerized systems used to manage a building’s operation. Systems are connected to a building management system include heating, ventilation, air conditioning, lighting, security, fire services, plumbing and building access.  




2.4 Current methods and strategies in HVAC retrofitting 
 
The key activities in a HVAC retrofit are presented in this section. The methods and 
strategies, such as building energy auditing, HVAC performance assessment and 
diagnostics, quantification of building’s energy conservation benefits, measurement and 
verification of energy savings and decision-making processes involved in a HVAC 
retrofit, are also discussed. 
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2.4.1 Current organization of retrofitting activities  
 
The overall process of a HVAC retrofit can be divided into five major phases (Ma et al., 
2012). The first phase is the project set-up and pre-retrofit survey (Ma et al., 2012; 
Mitchell, 2009). In this phase, the building owners or their agents need to first define the 
scope of the work and set project targets. The available resources to frame the budget and 
program of work can then be determined. A pre-retrofit survey may also be required in 
order to better understand HVAC operational problems and the main concerns of 
occupants. It is a common practice for building owners to select an experienced energy 
services company (ESCo) to take responsibility for planning and implementing the 
HVAC retrofit (Ma et al., 2012). 
The second phase comprises an energy audit and performance assessment and diagnostics 
(Ma et al., 2012; Mitchell, 2009). Energy auditing is used to analyse HVAC energy data, 
understand HVAC energy use, identify areas with energy waste, and propose no-cost and 
low-cost energy conservation measures (ECMs). Performance assessment is employed to 
benchmark HVAC energy use using selected performance indicators or green building 
rating systems (Doukas et al., 2009). Diagnostics can be used to identify inefficient 
equipment, improper control schemes and any malfunctions in the HVAC operation 
(Flourentzou and Roulet, 2002). 
The third phase is the identification of retrofitting options (Ma et al., 2012; Mitchell, 
2009). By using appropriate energy models, economic analysis tools and risk assessment 
methods, the performance of a range of retrofit alternatives can be assessed quantitatively. 
The retrofit alternatives can then be prioritised, based on the relevant energy-related and 
non-energy-related factors (Menassa, 2011). It is worthwhile to note that a range of no- 
cost and low-cost ECMs may have been identified during the energy audit (Zmeureanu, 
1990). 
The fourth phase is site implementation and commissioning (Ma et al., 2012; Mitchell, 
2009). The selected retrofit measures are implemented on-site. Test and commissioning 
(T&C) is then employed to tune the retrofit measures to ensure the building and its 
services system operate in an optimal manner (Korolija et al., 2011). It is worth noting 
 Page 21    
that the implementation of some retrofit measures may necessitate significant interruption 
to the building and occupants’ operations (Mitchell, 2009). 
The final phase is validation and verification of energy savings (Ma et al., 2012; Mitchell, 
2009). Once the retrofit measures are implemented and well-tuned, standard and 
measurement and verification (M&V) methods can be used to verify energy savings 
(AEPCA, 2004). A post-occupancy survey is also needed to understand whether the 
building occupants and building owners are satisfied with the overall results of the 
retrofitted HVAC (Ma et al., 2012). 
 
2.4.2 Methods and strategies  
 
In a systematic approach to a HVAC retrofit, a number of methods and strategies are used 
to determine and implement the best retrofit measures for the existing HVAC, including: 
building energy auditing, HVAC performance assessment and diagnostics, quantification 
of the building’s energy conservation benefits, measurement and verification of energy 
savings and the decision-making process (Ma et al., 2012).  
 
2.4.2.1 Building energy auditing  
 
Energy audits are investigations of energy use in a defined area or site. They enable an 
identification of energy use and costs, from which energy costs and consumption control 
measures can be implemented and reviewed (AS/NZS, 2000). Energy audits play an 
essential role in an energy retrofit program to identify areas with energy-saving potential 
and provide the information needed for building a performance assessment. Energy audits 
vary in range and depth. According to the  ASHRAE  handbook and the Australian/New 
Zealand Standard , energy audits can be classified into three levels as follows: Level 1: 
walk through assessment, Level 2: energy survey and analysis, and Level 3: detailed 
energy analysis (AS/NZS, 2000; ASHRAE, 2015). For a particular project, the 
appropriate energy audit level can be selected by taking into account the amount of detail 
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and level of accuracy required, the budget available, project targets and goals, and scope 
of work covered. 
 
2.4.2.2 HVAC performance assessment and diagnostics 
 
Existing HVAC systems tend to undergo performance degradations and unexpected faults 
or malfunctions over time (Heo et al., 2012; Ma and Wang, 2011). These events usually 
result in significant deterioration of the overall system performance, inefficient operation 
and unacceptable thermal conformity conditions. Therefore, in a sustainable HVAC 
retrofit, HVAC performance assessment and diagnostics are used to benchmark building 
energy use, identify system operation problems, and find the energy conservation 
opportunities. A wide range of research has focused on the development and application 
of appropriate models and strategies for building and HVAC retrofits.  A number of 
building and building services rating tools are available in the public domain, including 
ATHENATM, LEED, BREEAM, BeCost, EQUER, EcoEffect, and EcoProfile. These 
rating tools provide a framework of how to evaluate and improve building and building 
services energy performance. Tools are designed for assessing different types of buildings 
and building services, and they emphasise different phases of the life cycle. Haapio and 
Viitaniemi (2008) provide a detailed comparison of a variety of building and service 
systems rating tools. 
 
2.4.2.3 Quantification of energy conservation benefits 
 
Apart from the rating tools, there are a number of building energy simulation packages, 
including EnergyPlus, eQUEST, DOE-2, ESP-r, BLAST, HVAC-SIM+, TRNSYS, which 
can be used to simulate thermodynamic characteristics and quantify the energy 
conservation benefits. For example, Santamouris et al. (2007) used TRNSYS to 
investigate the energy savings of green rooves in a nursery school in Greece. Chidiac et al. 
(2011a) used EnergyPlus to simulate the effectiveness of retrofit measures for an office 
building. A detailed comparison of the capabilities of energy simulation packages can be 
found in the research conducted by Crawley et al. (2008).   
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2.4.2.4 Measurement and verification of energy savings 
 
Measurement and verification (M&V) is the process of using measurement to reliably 
determine the actual savings created within an individual facility by an energy 
management program (EVO, 2007). The main purpose of M&V is to determine the actual 
energy savings due to the implementation of retrofit measures. Energy savings can be 
determined using Equation (2-1) by calculating the difference between the energy 
measured in the pre-retrofit period and the post-retrofit period after accounting for the 
energy differences resulting from non-energy retrofit measure factors (AEPCA, 2004).  
Esaving = Epre-retro ─ Epost-retro ± Eadjust                                                                                (2-1) 
where, Esaving is the energy saving, Epre-retro is the energy use measured for a defined period 
in the pre-retrofit period, Epost-retro is the energy use measured for a defined period in the 
post-retrofit period, and Eadjust is the difference between the energy use in the pre-retrofit 
period and post-retrofit period caused by any differences in non-energy retrofit measure 
factors, such as weather conditions, occupancy schedules, etc. 
M&V has been widely used to verify and measure building energy savings. For example, 
Mozzo (1999) discussed the importance of M&V in performance contracting projects. 
Roosa (2002) used M&V to estimate the energy savings of three energy efficiency 
projects. Erpelding (2008) performed an M&V study to validate the initial energy savings 
calculation due to the retrofit of a chiller plant. The results of these studies indicate that 
M&V is an effective approach to measuring, computing and reporting energy savings 
achieved by implementing retrofit measures. 
 
2.4.3 Decision-making process 
 
2.4.3.1 Current decision-making approaches 
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As innovative technologies and energy efficiency measures for HVAC systems are well 
known, the main issue is to identify those that will prove to be the more effective and 
reliable in the long term. The decision as to which retrofit technology should be adopted 
for a particular project is a multi-objective optimisation problem subject to many 
constraints and limitations. It has to reconcile environmental, energy-related, economic, 
legal regulations and social factors to reach the best possible compromise to satisfy the 
final occupant needs and requirements. A variety of decision-making models (e.g. cost-
benefit analysis, multi-criteria analysis, and multi-objective optimization) have been 
developed and used to address these and other related problems. Goodacre et al. (2002) 
used a cost-benefit analysis framework to assess the potential scale of some of the 
benefits from upgrading heating and hot water energy efficiency in the English building 
stock. The effectiveness of single and multiple retrofit measures on the energy 
consumption of an office building was investigated by Chidiac et al. (2011a). Gero et al. 
(1983) were among the first to propose a multi-criteria model to be used in the process of 
building design in order to explore the trade-offs between the building’s thermal 
performance and other criteria such as capital cost and usable area of the building. Office 
Buildings Rating Methodology (ORME) developed by Roulet et al. (2002) is a multi-
criteria rating methodology to rank office building retrofit scenarios according to a list of 
parameters,  including energy use for heating, cooling and other service systems, impact 
on the external environment, indoor environmental quality, and cost.  
Decision support tools are useful for quickly identifying and determining optimal retrofit 
measures. Flourentzou et al. (2002) used TOBUS software as an interactive decision aid 
tool for building retrofits. This user-friendly software ran under the Windows® operating 
system and included several models, each of which addressed a particular aspect of the 
diagnosis including: building description, dimensions, cost coefficients, building 
diagnosis of current physical state and functional obsolescence, indoor environmental 
quality, energy use, elaboration of retrofit scenarios, cost analysis, and reporting results. 
Juan et al. (2010) developed an integrated decision support system to assess existing 
office building conditions and to recommend an optimal set of sustainable renovation 
actions, considering trade-offs between renovation cost, improved building quality, and 
environmental impacts. A hybrid approach that combines the A* graph search algorithm 
with genetic algorithms (GAs) was used to analyse all possible renovation actions and 
their trade-offs to develop the optimal solution. Nguyen and Altan (2011) developed a 
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multivariate design method and multi-criteria analysis for building refurbishment, by 
determining the significance, priorities and degree of utility of building refurbishment 
alternatives and selecting the most recommended variant. Asadi et al. (2012) presented a 
multi-objective optimization model to assist stakeholders in the definition of intervention 
measures aimed at minimizing the energy use in a building in a cost-effective manner, 
while satisfying the occupants’ needs and requirements. An existing house needing 
refurbishment was taken as a case study to demonstrate the feasibility of the proposed 
multi-objective model in a real-world situation. Doukas et al. (2009) presented an 
innovative intelligent decision support model for the identification of the need for 
intervention and further evaluation of energy saving measures in a typical existing 
building, based on the systematic incorporation of BEMS data (loads, demands and user 
requirements). The operation of the model was supportive to the decision makers 
authorized with the energy-efficient performance of the building and responsible for its 
management (energy auditors and building administration).  
The studies above indicate that the problem faced by the decision maker is a multi-
objective optimization problem, characterized by the existence of multiple and competing 
objectives for assessing the merits of the potential solutions. They also demonstrate the 
feasibility of applying multi-objective optimization techniques to the problem of 
improving energy efficiency in retrofitting projects. A multi-objective optimization model 
can be used to assess technology choices qualitatively and quantitatively. The decision 
maker is provided with solutions corresponding to different trade-offs among a range of 
energy-related and non-energy-related factors. 
 
2.4.3.2 Comparison of ANP and current decision-making approaches 
 
Previous studies have identified that the decision-making process in a HVAC retrofit is a 
multi-objective optimization problem, affected by a range of factors. However, the 
previous studies did not take into consideration the possible relations between the factors, 
which prevent the stakeholders from determining the success of a HVAC retrofit. It 
cannot be regarded as a realistic assumption to separate all factors from each other to 
determine the success level. The factors which determine the success level may result in 
different situations according to the interactions among each other. For this reason, 
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insufficient measurement or evaluation may occur when these interactions and 
correlations are not taken into consideration in the quantitative determination of the 
success level. Therefore, there is a need to understand the relationship between the factors 
to assist the decision maker to work out the assessment of a HVAC retrofit. The ANP, 
developed from the analytic hierarchic process (AHP), is a robust multi-criteria decision-
making method for solving corporate decision problems (Xu and Chan, 2013; Xu et al., 
2015). 
As pointed out by Saaty (2005), the ANP is a method of multi-criteria decision making 
and is considered as a descriptive approach to decision-making. The problem of multi-
criteria decision making deals with decisions involving the choice of a best or appropriate 
alternative from several potential “candidates”, subject to several criteria or attributes 
(Dağdeviren and Yüksel, 2010). To deal with a multi-criteria decision making problem, a 
variety of factors and criteria are first proposed, and the identification of the important 
factors and criteria require the prioritisation or weighting of some factors. Those factors 
or criteria with high ranking are said to be critical. 
In this research, the ANP is considered as an ideal systematic approach for several 
reasons. First, the ANP considers both qualitative and quantitative aspects of research and 
combines them into a single empirical inquiry (Jharkharia and Shankar, 2007). The ANP 
is able to adopt a qualitative way in the HVAC decision hierarchy and also uses a 
quantitative approach in data collection and analysis to test the factors of the models by 
using a self-completed questionnaire. The ANP has the capability to combine various 
types of criteria in a multi-level decision structure to obtain a single score for each 
alternative to rank the alternatives among the available multi-attribute approaches (Saaty, 
2003). Second, the selection of the ANP as a method of analysis in this study is also 
determined by the size of the sample population. In fact, a large sample size is expected to 
be less appropriate as the HVAC retrofitting is a new form of building development 
which is yet to mature. There is no record or publication reporting the number of 
practitioners participating in this type of development. The ANP is an analytical method 
which permits a small survey group (Saaty, 2003). It is thus helpful in collecting and 
analysing data from a small group of experts who have real experience in HVAC 
retrofitting. This explains why the ANP is appropriate for use as a method of test. 
Furthermore, the ANP provides a function of soliciting an expert’s judgements and 
provides a consistency check which makes it a reliable way to determine the priorities of 
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a set of factors, which may then be incorporated into other evaluation systems (Xu and 
Chan, 2013; Xu et al., 2015). By using the ANP approach, different levels of contribution 
of the selection factors towards the HVAC retrofitting can be determined and identified. 
2.4.3.3 Comparison of AHP and ANP methods 
 
The AHP and the ANP are two decision-making methods proposed by Saaty (2003) and 
Saaty (1980, 2001, 2005, 2010). The AHP developed by Saaty is one of the most widely 
used multi-criteria decision-making methods and has been widely applied in decision-
making since its introduction. The AHP decomposes a problem into several levels, 
making up a hierarchy in which each decision element is considered to be independent 
(Lee et al., 2009; Saaty, 2003). A complex problem can be divided into several sub-
problems based on the hierarchical level, where each level denotes a set of criteria or 
attributes related to each sub-problem. The top level of the hierarchy is the main goal of 
the decision problem. The lower levels denote the factors of the respective upper levels. 
AHP permits factors to be compared with the importance of individual factors relative to 
their effect on the problem solution. 
The ANP is a generalization of the AHP also developed by Saaty (2001). The ANP 
extends the AHP to problems with dependence and feedback. The ANP allows for more 
complex interrelationships among decision elements by replacing the hierarchy in the 
AHP with a network, in which the relationships between levels are not easily classified 
simply as hierarchical versus non-hierarchical, or direct versus indirect (Meade and Sarkis, 
1999). Hence, a hierarchical framework with a linear top-to-bottom form is not 
appropriate for complex systems. In addition to these merits of AHP, the ANP provides a 
more generalized model in decision-making without making assumptions about the 
independency of the higher-level elements from lower-level elements and also of the 
elements within their own level. Two-way arrows or arcs among different levels of 
criteria may graphically represent the interdependencies in an ANP model. If 
interdependencies are present within the same level of analysis, a looped arc may be used 
to represent such interdependencies (Jharkharia and Shankar, 2007; Lee et al., 2009). The 
influence of the elements in the network on other elements in that network can be 
represented with a super matrix. The structural difference between an AHP hierarchy and 
an ANP network is given in Figure 2.1 (Saaty, 2003). Saaty (2003) suggested the use of 
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the AHP to solve the problem of independence of alternatives or criteria, and the use of 
ANP to solve the problem of dependence of alternatives or criteria.  
 
A hierarchy structure               A network structure 





2.5 Common issues leading to poor performance of HVAC retrofits  
 
The HVAC retrofit optimization problem is to determine, implement and apply the most 
cost-effective retrofit technologies to achieve enhanced energy performance, while 
maintaining satisfactory service levels and acceptable indoor thermal comfort, under a 
given set of operating constraints.  The following issues addressing the nature of a HVAC 
retrofit problem should be carefully considered in an HVAC retrofit project. 
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2.5.1 Limited scope definition 
 
The importance of the scope definition and the objective-setting phase in green 
retrofitting is not usually well understood (Mitchell, 2009; Rey, 2004). Mitchell (2009) 
points out that the objectives for such projects are relatively simple. In real projects, the 
objectives and scope definitions are sometimes simply stated as “4.5 NABERS energy for 
base building”, “a $2M capital works budget”, or “a 12-month design and construction 
program”. These objectives become increasingly more complex when they are taken in 
combination, and some of the objectives are in direct conflict with each other. For 
example, maintaining tenant comfort level is part of an existing service level agreement 
(SLA), which is contradictory to reducing energy consumption, and requiring the 
completion of installation works at a particular date is hard to achieve when part of the 
building being retrofitted is still accessible to tenants. Working hours, shutdown period 
and noise levels among others are all constraints which may delay projects. In addition, 
poor definition of time, cost, quality objectives, and the required scope often result in 
unsuccessful green outcomes in actual projects. 
 
2.5.2 Competing stakeholder objectives and expectations 
 
A key success factor for a green retrofit project is the awareness of the different benefits 
which it will bring to the various project stakeholders. In order to achieve these objectives, 
the different expectations, agendas and interrelationships need to be well understood and 
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Table 2.2 Competing stakeholder objectives and expectations 
Stakeholder  Expectation Potential Conflict/ Issues Reference  
Owner  On-time, on-budget delivery  No tenant disruption during construction  Green outcomes delivered 
 Lack of understanding of technical drivers of green outcomes 
Mitchell (2009), Bosch and Pearce (2003), Bernstein and Russo (2009) 
Tenant  A better, greener building  No rent increase  No lessening of comfort conditions  No interruption/inconvenience 
 Disruption!  Changed comfort conditions 
Mitchell (2009), Miller and Buys (2008), Bernstein and Russo (2009) 
Head contractor/ 
Manager  
 Construction site approach  Often working directly for owner (no contractual link to tenants)  On-time, on-budget, no variations 
 Facility manager vs. builder – control issues  Lack of understanding of technical drivers of green outcomes 
Mitchell (2009), Bernstein and Russo (2009) 
Property / Facility manager  
 Usually has control of HVAC  No tenant disruption / complaints 
 Facility manager vs. builder – control issues  Lack of understanding of scope (i.e. contract between owner & trades) 
Mitchell (2009), Bernstein and Russo (2009) 
Mechanical service provider 
 Need to maintain contract commitments  Demarcation – e.g. existing equipment?  Usually responsible for tenant complaints 
Mitchell (2009), Bernstein and Russo (2009) 
HVAC designer  Green and functional outcomes  On-budget 
 Needs detailed understanding of building – can affect budget and program 
Mitchell (2009), Chan et al. (2009) 
HVAC installation contractor 
 Responsible for most outcomes  Manage the above stakeholders! Mitchell (2009), Chan et al. (2009) 
 
2.5.3 Difficult technical issues 
 
Green HVAC retrofitting requires a thorough understanding of existing and new 
technologies, which can contribute to the required objectives and the desired project 
outcome. Failure to have this understanding is a key cause of project objectives not being 
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achieved. Some examples of the technology challenges observed in practice are shown in 
Table 2.3: 
 
Table 2.3 Difficult technical issues  
Service / Trade Issue / Challenge Reference  
Mechanical  Underestimating condition and performance of existing equipment.  Existing pipework, discovering corrosion / contamination.  Limited understanding of newer HVAC technologies – e.g. chilled beam and displacement systems.  Lack of “whole of life” thinking resulting in poor “retain & reuse” vs. “replace with new” decisions. 
Mitchell (2009), (Alexander et al., 2008) 
Electrical  Staging of power outages.  Limited understanding of demarcation: e.g. tenant vs. house supplies / boards.  Lack of metering in the base building and tenancy electrical designs. 
Mitchell (2009), (Ma and Wang, 2009) 
Building management 
system (BMS) 
 Often an incomplete understanding of the current system performance and extent of original commissioning.  Late commissioning of building automation systems (BAS) network infrastructure – should be completed early, as the BMS needs to be progressively handed over after each floor / area.  Lack of training of operators on “interim stages” – e.g. when old and new BMS are operating concurrently during the upgrade. 
Mitchell (2009), (Ma and Wang, 2009) 
 Fire  Retaining code compliance during interim stages.  Stair pressurization requirements can be hard to achieve with existing stairs and hardware not being compatible with the new code requirements. 
Mitchell (2009), (Ma and Wang, 2009) 
Building works  Retention of existing glazing and impact on mechanical heat loads.  New structural penetrations through ageing building fabric.  Presence of unknown hazardous materials. 
Mitchell (2009), (Ma and Wang, 2009) 
 
 
2.5.4 Lack of program detail 
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HVAC retrofit projects require a dynamic program including work on design and 
construction up to completion. A lack of appreciation of the details required can lead to 
unrealistic stakeholder expectations. There are a number of recurring issues around 
scheduling  retrofitting projects which present risks to these projects (Mitchell, 2009): 
 Incorrect estimation of total duration of program of works  
 Limited detailed understanding of the building’s current state.  
 Incomplete documentation and communication of tenancy access and working hours. 
 Limited appreciation of which HVAC systems need to be maintained as 
“operational”, leading to inaccurate staging plans. 
 Inadequate consideration of seasonal timing for thermal plant upgrades. 
 Poor management of an extended program.  
 Staged handover and defects liability period. 
 
2.5.5 Unplanned logistics 
 
Project logistics is one of the most under-planned areas of HVAC retrofitting for green 
outcomes. There is often a limited understanding of which HVAC systems should be 
maintained as “operational” during the staging of a green retrofit. For example, a floor-
by-floor staging strategy may be driven by tenant requirements, but how does this relate 
to plant served by vertical risers? Equally, how do the BMS and electrical infrastructure 
handle this? Will the interim fire mode strategy be operational and compliant? Answers to 
these questions require a very detailed understanding of the interrelationships between the 
old and new systems (Bernstein and Russo, 2009; Heo et al., 2012; Zmeureanu, 1990).  
Materials handling is often also under-planned and can be costly if omitted. For example, 
in a rooftop chiller replacement project in a 30-storey occupied office building, the 
temporary carriage comprised around 15% of the total project capital cost (Yudelson, 
2010). Alternatives such as the use of existing goods lifts are often impractical or 
inefficient, and require close coordination with base building and tenant management. 
Similarly, horizontal access to plant through occupied tenancy spaces is also often not 
considered in sufficient detail. 
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Therefore, in occupied buildings, project logistics is often a key driver related to tenant 
disruption, program staging, and overall capital cost. 
 
2.5.6 Poor knowledge management 
 
The capture, retention and ready access to the knowledge base of a large occupied 
building have challenged the industry for decades. It can be particularly problematic 
when retrofitting for a green outcome, as existing design documentation is often taken as 
the true and accurate representation of the building’s current state, while in practice this is 
not always the case (Ascione et al., 2011). 
This can lead to a compromised design and installation. For example, an air handling unit 
(AHU) plant has never delivered more than 80%-85% of design capacity (Dascalaki and 
Santamouris, 2002). Another example is that of a chilled water bypass valve which was 
significantly undersized, and manually operated by a building engineer. When he left the 
building, the BMS was placed in auto-mode. The chilled water plant experienced 
persistent lack-of-flow shutdowns (Niu et al., 2002). These practical experiences show 
that it may be a costly exercise to achieve the intended project outcome if the designers 
only take design documentation as the basis and ignore the commission records in 
practice.  
Knowledge management also inherently requires communication and coordination 
between building operators, users, and the retrofitting team. There is often little time 
spent on project stakeholder communication during the design briefing stage and the 
ongoing project. 
 
2.6 Attributes for selecting and evaluating HVAC technologies 
 
Building owners and developers often appear to be in a quandary about choosing 
appropriate HVAC technologies to meet the needs of particular building projects, due to 
the availability of innumerable HVAC products and a dearth of inclusive evaluation tools. 
A number of concerns and issues affect their decisions on HVAC retrofits. 
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2.6.1 Indoor air quality 
 
Traditionally, the HVAC system was handled as a tool for providing an acceptable 
microclimate in terms of thermal comfort. With increasing occupants' expectations about 
the performance of buildings, HVAC systems must offer occupants the best quality 
working and living environment, especially when using the new technology (Bitter and 
Fitzner, 2002). Indoor air quality has become a major concern (Avgelis and Papadopoulos, 
2009). Many studies have found that inappropriate ventilation is directly related to a 
series of syndromes and illnesses (ASHRAE, 2000). Therefore, user comfort is the basic 
requirement of an HVAC to be planned, designed, constructed and operated to offer a 
friendly environment in which occupants can carry out their work and feel well 
(Johansson, 2009). Maintaining a stable and comfortable internal environment for 
occupants becomes a critical objective in the design and selection of HVAC systems, as 
an office building needs to provide people working and living within it a sense of well-
being (Chen et al., 2006).  
 
2.6.2 Cost effectiveness 
 
Cost effectiveness is another significant factor affecting the selection of HVAC systems 
in a particular building project. Researchers (Chau et al., 2000; Kneifel, 2010) have found 
that the cost benefits of green HVAC systems may not be immediately appreciable, due to 
the higher initial investment compared to the traditional HVAC systems. The greatest 
savings in using green HVAC systems are in reducing the energy consumption and 
operational costs. Therefore, building developers should not only consider the initial cost 
but also the life cycle cost (Arpke and Strong, 2006; Morrissey and Horne, 2011) when 
they make decisions regarding HVAC systems.  
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2.6.3 Carbon emissions 
 
In recent years, increasing carbon emissions has been recognised as a cause of global 
climate change. Buildings are large energy consumers. A number of studies have 
identified buildings as being responsible for about half of the greenhouse effect due to 
carbon dioxide emissions (Li and Colombier, 2009). This has caused a growing 
awareness of the need for energy efficiency in the design of modern buildings (Ellis and 
Mathews, 2002). Of all the building services, the major component in the buildings’ 
energy consumption is HVAC (Beattie, 2009; EEGO, 2007). Wang (2007) pointed out 
that it is important for HVAC systems to conserve energy whilst providing satisfactory 
performance. For example, an efficient HVAC control should not only provide an 
efficient control scheme to maintain human comfort under any load conditions, but 
should also reduce energy usage by keeping the process variables (i.e., temperature and 
pressure) to their set points (for air cooling, supply air, return air, etc.) (ASHRAE, 2000). 
The significance of energy consumption control and lower carbon emissions in the 
evaluation and selection of HVAC systems has been supported by other researchers 
(Dimoudi and Tompa, 2008; Farreny et al., 2008; Yang, 2005; You et al., 2011).  
 
2.6.4 System capability 
 
The capability of a system to manage the complexity and enhance the functionality of the 
building is widely considered an indispensable factor in the selection of HVAC systems 
(Smith, 2002). Buildings are in a constant state of churn. Interiors are rearranged. Old 
tenants move out and new ones move in. Developers need to deliver the building's desired 
capabilities with the adaptability and functionality desired by the end-users.  Cho (2000) 
emphasised the importance of system functionality in buildings because the fundamental 
purpose of adopting HVAC systems is to offer improved operational effectiveness and 
efficiency, as well as reduced maintenance. Loe (1996) also maintained that the essence 
of intelligent control is to enhance service reliability, improve building management, 
tailor requirements, increase the lifespan of equipment, and ease data collection. For 
selecting an appropriate intelligent HVAC control system, a number of researchers 
emphasise the presence of automatic fault detection and diagnosis of the control system 
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(Clements-Croome, 2013; Raftery et al., 2011), while others emphasize system reliability 
and stability (Cho, 2000; Citherlet et al., 2001; Ma and Wang, 2009). 
 
2.6.5 Technological advancement 
 
Technological advancement is also one of the factors affecting HVAC system selection 
(Chen et al., 2006). For the past decade, it has been observed that there have been an 
increasing number of developers who have considered adding “intelligence” to their 
buildings. The main reason is that building developers are more receptive to new 
technologies. To retain tenants, it is necessary to keep up with changes in information 
technology and provide for upgrades as technology evolves (Wong and Li, 2006, 2008).  
 
2.6.6 Policy and regulation 
 
Policy and regulations are energy efficiency standards, which set minimum energy 
efficiency requirements for the retrofitting of existing HVAC systems. Governments may 
provide financial support and subsidies to assist building owners and developers in 
achieving the required energy performance targets by implementing energy retrofit 
measures. Split incentives increase the willingness of building owners to pay for 
retrofitting, which offers great opportunities for improved energy efficiency, increased 
staff productivity, reduced maintenance costs and better thermal comfort. 
 
Sustainable development in construction is often thought to have three dimensions: 
environment, society, and economy (Bosch and Pearce, 2003; Sneirson, 2009; Xu et al., 
2015). According to the issues mentioned above, “indoor air quality” and “carbon 
emissions” can be categorized as environment-related issues. They are the main 
environmental concerns in client’s decision-making in promoting the sustainability of 
HVAC retrofits. “Cost effectiveness” has a direct impact on economic sustainability in 
organizing a HVAC retrofit. Therefore, it is not hard to understand that “cost 
effectiveness” is an economics-related issue. “System capability” and “technological 
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advancement” in HVAC retrofits can not only improve building flexibility but also 
improve the corporate image, which can be identified as an essential dimension of social 
sustainability. Therefore, attributes that constitute the assessment and selection models of 
HVAC systems are categorized into economic aspects, social aspects and environmental 
aspects, as shown in Table 2.4. Apart from sustainability-related attributes, policy and 
regulations attributes need be taken into account (Ma et al., 2012). The listed attributes in 
the evaluation and selection of new HVAC projects are also applicable for building 
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Table 2.4 List of preliminary attributes affecting client decision-making on HVAC 
retrofits  
Preliminary category Preliminary Attributes References  Sustainability- related attributes ─ Economic aspect  
Low operating & maintenance costs  Buys and Mathews (2005), Avgelis and Papadopoulos (2009) 
Low life cost  Avgelis and Papadopoulos (2009), Beak and Park (2012), Dascalaki and Santamouris (2002), Harris et al. (2000) 
Low capital investment on HVAC retrofits  Beak and Park (2012), Dascalaki and Santamouris (2002), Harris et al. (2000) 
Higher rental income  Buys and Mathews (2005) 
Short pay-back period  Buys and Mathews (2005), Dascalaki and Santamouris (2002) 
Reducing vacancy rates  Alwaer and Clements-Croome (2010), Avgelis and M. Papadopoulos (2009) 
Increased market value of the building  Asadi et al. (2012), Avgelis and Papadopoulos (2009), Chidiac et al. (2011a), Doukas et al. (2009), Guo et al.(1993) 
Remaining life of existing HVAC system  Chidiac et al. (2011a), Doukas et al. (2009) Performance of existing HVAC system  Buys and Mathews (2005), Avgelis and Papadopoulos (2009) 
Sustainability related attributes ─ Social aspect 
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Table 2.4 List of preliminary attributes affecting client decision-making on HVAC 
retrofits (continued) 
Preliminary category Preliminary Attributes References  Sustainability- related attributes ─ Environmental aspect 
Lower energy consumption and lower carbon emissions Wong and Li (2006, 2008) Reducing pollution related to fuel consumption  Wong and Li (2006, 2008) Reducing contamination and odour emissions  Avgelis and Papadopoulos (2009) Improved thermal comfort  Avgelis and Papadopoulos (2009) Improved air quality  Avgelis and Papadopoulos (2009), Wong and Li (2006, 2008) Reduced noise level  Wong and Li (2006, 2008) Policy- & regulation-related attributes 
Availability of renovation policies and political strategies promote housing renovation  
Mitchell (2009), Ma et al. (2012), IEA (2013) 
Incentives and financial support from government  Mitchell (2009), Beattie (2009) Compulsory controls, such as performance -related legal regulation, i.e. NABERS, Green Star or ABGR environmental rating standards  
Mitchell (2009), EEGO (2007) 
Implementation of new energy reduction initiatives such as energy performance contracting  (EPC)  
Xu and Chan (2013) 
 
 
2.7 Factors influencing the performance of the retrofitted HVAC 
 
There has been no systemic research to investigate the critical factors which may affect 
the performance of retrofitted HVAC systems in the public domain. However, in previous 
studies, various researchers introduced a number of key factors that have had significant 
impacts on construction projects and building retrofitting projects. Ma et al., (2012) 
maintained that the success of a building retrofit program is determined by four aspects: 
policies and regulations, client resources, participant-related factors, and external factors. 
Xu et al. (2011) developed a set of critical success factors of energy performance 
contracting (EPC) for sustainable building energy efficiency retrofitting of hotel buildings. 
The critical success factors were categorised into six clusters: (a) project organisation 
process; (b) project financing; (c) knowledge and innovation of EPC, sustainable 
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development and M&V; (d) implementation of sustainable development strategy; (e) 
contractual arrangements; and (f) external economic environment. All the above 
classification methods have similarities. Our list of proposed factors was derived from an 
extensive literature review. In general, the critical factors can be divided into four 
categories, as shown in Table 2.5: stakeholder-related factors, project team management- 
related factors, retrofit plan-related factors, and HVAC technology-related factors. 
 
2.7.1 Stakeholder-related factors 
 
 Client characteristics 
The stakeholder-related factors can be divided into two aspects: client characteristics and 
contractor & designer characteristics. The key role of the client is to create an 
organisational climate that encourages green retrofits. To foster this, certain capabilities 
and attitudinal aspects of clients are necessary. In many building retrofitting projects, 
clients, suppliers, and engineering companies all lack awareness of and information about 
new retrofitting technologies (Mitchell, 2009). Most clients have the willingness to 
reduce energy consumption. However, few have experience in the implementation of new 
retrofitting technologies. Lack of understanding and experience on the part of clients 
impedes the implementation of new technologies in HVAC retrofits or leads to their 
failure. Larger companies are more able to afford the investment in new technologies and 
more able to tolerate the risk of adoption, whereas smaller firms are more likely to value 
technologies and to use simpler decision-making processes (Davis, 2014). Therefore, 
company size can be recognized as an important factor related to decisions in the 
procurement process. In addition, the adequacy of financial resources is one of the key 
ingredients influencing project success. 
 
 Contractor & designer characteristics 
Contractors historically have emphasised the ability to manage labour and subcontractors, 
which are recognized as the key element in compositing pricing (Bediawan, 2003). The 
technical background and skill of team members are stressed by researchers as one of the 
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key reasons for project success (Belassi and Tukel, 1996; Chan et al., 2004). Some of the 
characteristics of contractors & HVAC technicians are similar to those of clients.  Details 
of the factors from clients’ and contractors’ and designers’ perspectives are found in 
Table 2.5.  
 
2.7.2 Project team management-related factors 
 
Project team management-related factors include appropriate organizational structure, 
project team cohesiveness, effective coordination, organizing skills, trust, and project 
objective control mechanisms. The first step in organizing a project is to establish a team. 
The top executive provides guidance, instruction, direction and leadership to a group of 
other individuals in order to achieve a group of aligned objectives. The top executive is in 
charge of the project and has sufficient authority, personality, and reputation. They must 
ensure that everything necessary is done for the benefit of the project. The project team 
has been found to assess success by the level of collaboration within a project (Barclay 
and Osei-Bryson, 2010). Collaboration and partnership are crucial for successful project 
organization, which needs trust and effective coordination (Chan et al., 2004; Davis, 
2014). Trust can be defined as the belief that a party can reliably fulfil its obligations in 
an exchange relationship (Chan et al., 2004). Effective coordination manages the various 
project activities to ensure that they are carried out successfully. In order to achieve 
project objectives, project team cohesiveness is necessary. In addition, the commitment of 
different stakeholders supports each level of activity in a project, working effectively and 
finally achieving its goals. Meanwhile, effective teamwork and communication among 
different stakeholders are indispensable for project success.  
 
2.7.3 Retrofit plan-related factors 
 
Retrofit plan-related factors include the effectiveness of HVAC retrofit programming, the 
clarity of the project’s scope and the client’s objectives, understanding of the HVAC's 
current state, clarity of HVAC performance assessment and diagnostics, accuracy of 
retrofitting solutions, and completeness of documentation. In order to achieve successful 
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HVAC retrofitting projects, pre-retrofitting activities are required in order to better 
understand the HVAC operational problems and limitations (Ma et al., 2012). For 
example, energy auditing is used to investigate and analyse building energy data, which 
aims to identify inappropriate air-conditioned areas. Performance assessment is employed 
to benchmark HVAC energy use by using selected performance indicators or green 
building rating systems. Diagnostics can be used to identify inefficient equipment, 
improper control schemes and any malfunctions in HVAC operation. Mitchell (2009) lists 
the four most common deficiencies during retrofit planning of numerous unsuccessful 
retrofitting projects as follows:  (1) limited detailed understanding of the current state, 
resulting in incorrect assumptions regarding the reuse and subsequent scheduling delays; 
(2) incomplete documentation and communication of tenancy access and working hours; 
(3) inadequate consideration of seasonal timing for thermal plant upgrades; (4) poor 
management of an extended program. Therefore, comprehensive retrofitting plans and 
project objectives control mechanisms are the key missions directly affecting the 
performance of retrofitted HVAC systems. These are the requirements for the smooth 
delivery of sustainable HVAC retrofit projects.  
 
2.7.4 HVAC technology-related factors 
 
Retrofit technologies are energy conservation measures used to promote building energy 
efficiency and sustainability. Retrofit technologies range from the use of energy-efficient 
equipment, advanced controls and renewable energy systems to changes in energy 
consumption patterns and the application of advanced heating and cooling technologies. 
Retrofit measures should be considered in their order of economic payback, complexity 
and ease of implementation. The effectiveness of a building retrofit is also dependent on 
building-specific information, such as geographic location, building type, size, age, 
occupancy schedule, operation and maintenance, energy sources, utility rate structure, 
building fabric and services systems For a particular project, the optimal retrofit solutions 
should be determined by taking into account building-specific information. 
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Table 2.5 List of preliminary factors influencing the performance of HVAC retrofits 
Preliminary Category Preliminary Factors Reference Stakeholder- related factors ─ Client characteristics 
Awareness of green HVAC retrofit outcomes  Xu et al. (2011),Mitchell (2009) Competence of HVAC technical knowledge  Mitchell (2009) Willingness to be involved in the project  Mitchell (2009) Willingness to use new HVAC technologies for green outcomes  Mitchell (2009) Ability to contribute ideas to HVAC retrofit design process  Mitchell (2009) Ability to contribute ideas to HVAC retrofit construction process  Mitchell (2009) Experience with the procurement process  Chan et al. (2004) Adequate financial resources   Chan et al. (2004) Skilled leadership in organizing HVAC retrofit project  Xu et al. (2011), Chan et al. (2004) Stakeholder- related factors ─ Contractor’ and designers’ characteristics  
Availability of personnel resources  Belassi and Tukel (1996), Bediawan (2003) Commitment to on-time and on-budget project delivery  Chan et al. (2004) Familiarity with new HVAC technology design-related policies and regulations  Mitchell (2009) Familiarity with new HVAC technology construction-related work  Mitchell (2009) Company size  Davis (2014), Chan et al. (2004) Experience of using new HVAC technologies  Mitchell (2009) Diversity of technical capability  Bediawan (2003), Chan et al. (2004) Number of subcontractors engaged on project  Bediawan (2003), Chan et al. (2004) Availability of equipment resources  Bediawan (2003), Chan et al. (2004) Willingness to use new HVAC technologies for green outcomes  Mitchell (2009) Familiarity with new HVAC technology maintenance work  Mitchell (2009) Diversity of personnel  Belassi and Tukel (1996) Adequate financial resources  Chan et al. (2004) Communication with suppliers  Bediawan (2003) Skilled leadership in organizing HVAC retrofit projects  Bediawan (2003)  
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Table 2.5 List of preliminary factors influencing the performance of HVAC retrofits 
(continued) 
Preliminary Category  Preliminary Factors Reference Project team management- related factors 
Project team cohesiveness  Bediawan (2003), Chan et al. (2004) Commitment of the HVAC designer to achieve project goals and objectives  Bediawan (2003),Chan et al. (2004) Commitment of the HVAC contractor to achieve project goals and objectives  Bediawan (2003), Chan et al. (2004) Level of trust in the project team  Bediawan (2003), Chan et al. (2004) Effectiveness of working relationship between client and HVAC designer  Bediawan (2003), Chan et al. (2004) Effectiveness of working relationship between client and HVAC contractor  Bediawan (2003), Chan et al. (2004) Effectiveness of teamwork and communication between HVAC designer and HVAC contractor  
Bediawan (2003), Chan et al. (2004) 
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Table 2.5 List of preliminary factors influencing the performance of HVAC retrofits 
(continued) 
Preliminary Category  Preliminary Factors Reference HVAC technology- related factors Geographic location of the building being retrofitted  Wong and Li (2006, 2008) Orientation of the building being retrofitted  Wong and Li (2006, 2008) Age of existing HVAC systems  Wong and Li (2006, 2008) Impact of occupancy schedule and churn on performance of HVAC systems  Mitchell (2009) Operation schedule and maintenance records of existing HVAC systems  Mitchell (2009) Life span of the selected HVAC retrofitting technologies  Wong and Li (2006, 2008) Ability to further upgrade the selected HVAC retrofitting technologies  Mitchell (2009), Wong and Li (2006, 2008) Control flexibility of the selected HVAC retrofitting technologies  Wong and Li (2006, 2008) Compatibility with other building systems of the selected HVAC retrofitting technologies  
Mitchell (2009) 
Integration in building automation systems of the selected HVAC retrofitting technologies 
Wong and Li (2006, 2008) 
 
 
2.8 Limitations of previous research  
 
This chapter has presented an overview of recent research and development in HVAC 
retrofitting and the application of retrofitting technologies to existing HVAC systems. The 
debates in and limitations of previous research can be summarized as follows: 
While many of the green technologies have been invented in order to save operational 
energy, a review of the HVAC retrofitting literature indicates that few studies have been 
conducted on the advantages or disadvantages of green retrofit technologies. As relatively 
less experience has been accumulated in the design and construction of these new retrofit 
measures, it is hard to ascertain their suitability in different buildings. These knowledge 
gaps and practical deficiencies have in the past prevented practitioners from selecting 
appropriate HVAC retrofit measures. 
  Page 46    
A HVAC system is a set of sophisticated mechanical equipment and all components 
require retrofits through various forms of restoration. The lack of a systematic assessment 
approach and limited examination guide information make it hard to define the behaviour 
of each component of HVAC systems. Dedicated efforts to develop comprehensive pre- 
and post-retrofit assessment models are required. Those will enable property owners and 
asset managers to access a comprehensive list of criteria to evaluate current HVAC 
systems and select performance-based retrofits. 
The decision as to which retrofit technology (or measure) should be used for a particular 
project is a multi-objective optimization problem. Insufficient attention has been paid to 
criteria such as human comfort, environmental sustainability and energy efficiency, which 
are not easily expressed or quantified. In many cases, advanced HVAC systems that 
prioritize cost savings are generally chosen, which may lead to a biased selection process. 
The optimal solution is a trade-off among a range of energy- related and non-energy-
related factors, including energy, economic, technical, environmental, regulatory and 
social. 
These knowledge gaps and practical deficiencies have in the past prevented practitioners 
from achieving performance-based HVAC retrofits. They have not been able to access a 
comprehensive list of criteria to evaluate the performance of HVAC systems, and there has 
also been a lack of a rational and systematic approach to facilitate the selection of 
performance-based retrofits. The lack of research into the process of performance-based 
retrofit selection and the resulting inefficiency of the approach to selection have possibly 
led to a less than optimal selection of HVAC retrofit measures, which might fail to satisfy 
the expectations of developers and clients.  
 
2.9 Chapter summary 
 
This chapter has provided a review of the existing HVAC retrofitting literature, 
highlighting the research gaps and pointing out new research directions. Previous studies 
on HVAC retrofitting have contributed to our understanding of the current risks and 
challenges encountered in the HVAC construction industry. Little research has studied 
how to rationally and systematically select performance-based retrofit methods. In addition, 
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the review has also identified that the resulting inefficiency of the selection evaluation 
approach may lead to a less than optimal selection of HVAC retrofitting measures, which 
might fail to satisfy the expectations of developers and clients. These limitations and 
challenges in HVAC retrofitting research and practice provide rich research opportunities 
in this area. 
Following the comprehensive literature review, 26 preliminary attributes affecting client 
decision-making on HVAC retrofits were summarized and classified into economic, social, 
environmental and policy & regulation-relate. Similarly, 51 preliminary factors affecting 
HVAC retrofits were established. The critical factors were divided into four categories: 
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This chapter aims to define the research design and methodology. The methodological 
procedure adopted needs to be capable of providing in-depth, relevant, up-to-date and 
reliable information. The research objectives have been described in Section 1.3 above. To 
achieve these objectives, the research was carefully designed, and appropriate research 
methods were chosen. The considerations for the research design and research process are 
described and justified in this chapter. The nature of this research is examined in Section 
3.2 by an investigation into different aspects relevant to the design of a research study. The 
aspects considered include the purpose of the study, type of investigation, extent of 
research interference, study setting, unit of analysis, and time horizon. The detailed 
research process and the methods used to gain knowledge in this research are described in 
Section 3.3. Finally, Section 3.4 summarizes this chapter. 
 
3.2 Research design 
 
3.2.1 Purpose of study 
 
Studies can be exploratory, descriptive, and/or conducted to test hypotheses. An 
exploratory study is undertaken when not much is known about the situation at hand, or no 
information is available on how similar problems or research issues have been solved in 
the past. In such cases, extensive preliminary work needs to be done to gain familiarity 
with the phenomena in the situation, and understand what is occurring, before the 
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researcher develops a model and establishes a rigorous design for a comprehensive 
investigation. Exploratory research often relies on secondary research, such as reviewing 
available literature and/or data, or qualitative approaches such as informal discussions with 
consumers, employees, management or competitors, and more formal approaches such as 
in-depth interviews, focus groups, projective methods, case studies or pilot studies. 
Descriptive research is often used as the next step to exploratory research, construction 
paradigms that offer a more complete theoretical picture through either qualitative or 
quantitative data (Sekaran, 2003). A descriptive study is undertaken in order to ascertain 
and be able to describe the characteristics of the variables of interest in a situation. 
Descriptive studies therefore become essential in many situations. Whereas qualitative data 
obtained by interviewing individuals may help the understanding of phenomena at the 
exploratory stages of a study, quantitative data in terms of frequencies, or means and 
standard deviations, become necessary for descriptive studies. Studies that engage in 
hypothesis-testing usually explain the nature of certain relationships, or establish the 
differences among groups, or the independence of two or more factors in a situation 
(Sekaran, 2003).  
The design of the present research study is a mixture of exploration and description.  The 
aim of this research is to explore a systematic framework for stakeholders in HVAC 
retrofitting projects by means of a literature review and empirical studies. Following the 
exploration, the components in the proposed framework and the approaches for project 
management are described. Then, the descriptive study quantitatively explores and helps 
the understanding of phenomena at the exploratory stage. For example, a questionnaire 
survey is conducted to obtain data. The aim of this activity is to identify the key attributes 
and major factors in HVAC retrofitting projects. At the same time, a comparative analysis 
of practitioners’ views on the relative importance of attributes and factors is conducted.  
 
3.2.2 Types of investigation 
 
A researcher should determine whether a causal or correlation study is needed to answer 
the research question. The former is done when it is necessary to establish a definitive 
cause-and-effect relationship. However, if the researcher is merely interested in the 
identification of the important factors associated with the problem, a correlational study is 
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called for. This research aims to determine the reasons leading to retrofit solutions failing 
to meet the expected performance targets.  The critical success factors and key 
performance attributes associated with the phenomenon will be identified. As a result, the 
research is more interested in delineating the important factors associated with the problem, 
rather than establishing a cause-and-effect relationship. The type of investigation adopted 
in this research is a correlational study. 
 
3.2.3 Extent of researcher interference with the study 
 
The extent of researcher interference with the study in the workplace has a direct bearing 
on whether the study undertaken is causal or correlational. A correlational study is 
conducted in the natural environment of the organization, with minimum interference by 
the researcher with the normal flow of work. In studies conducted to establish cause-and-
effect relationships, the researcher tries to manipulate certain variables in order to study 
the effects of the manipulation on the dependent variable of interest.  
The present research aims to identify the critical success factors and key performance 
attributes associated with HVAC retrofits. Then, a systematic framework capturing the 
critical success factors and key performance attributes can serve as a reference for 
stakeholders to guide their work in practice. This research is a correlational study (Section 
3.2.2). The researcher collected data from clients, HVAC designers, and HVAC 
contractors through a questionnaire, which allowed respondents to express their real 
opinions in a natural and open-minded environment. In this case, beyond circulating a 
questionnaire to the different stakeholders, the researcher did not interfered with the 
normal activities in HVAC retrofitting projects. In other words, researcher interference 
was minimal.  
 
3.2.4 Study setting 
 
There are two types of study settings: contrived and non-contrived. Correlational studies 
are invariably conducted in non-contrived setting, whereas most rigorous causal studies are 
done in contrived laboratory settings. As indicated in Section 3.2.3, all the research 
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activities were conducted in a natural environment and the type of investigation is a 
correlational study. Therefore, the study setting was non-contrived.  
 
3.2.5 Unit of analysis 
 
The unit of analysis refers to the level of aggregation of the data collected during the 
subsequent data analysis stage. The unit of analysis comprises individuals, groups, 
organizations, and cultures. In this research, data is collected from different 
projects/organizations, and analyzed by comparison and synthesis. Therefore, the unit of 
analysis is organization. 
 
3.2.6 Time horizon 
 
The research time dimension is either cross-sectional or longitudinal. A study can be done 
in which data are gathered just once, possible over a period of days or weeks or months, in 
order to answer a research question. Such studies are called one-shot or cross-sectional 
studies. In some cases, the researcher might want to study people or phenomenon at more 
than one point in time in order to answer the research question. These types of studies are 
called longitudinal studies. The present research employed a survey strategy conducted 
over a short period of time. Data with respect to this research had not been collected before, 
and will not be collected again. Therefore, it is a cross-sectional study. 
 
3.3 Research methodology 
 
Research methodology includes the research plan and process, as well as the research 
techniques. Only by using appropriate methodologies and methods of research, applied 
with rigour, can the body of knowledge on construction be established and advanced with 
confidence. In this section, the methods adopted are introduced.  
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3.3.1 Research process 
 
Figure 3.1 shows the process of this research. The overall research can be divided into 9 
steps: 
Step 1 – Literature review  
The literature review included research on HVAC retrofitting, sustainable development, 
and building energy consumption. Conducting a comprehensive literature review on each 
topic at the commencement of the study elucidated the research underpinning these topics. 
A comprehensive literature review helped understand sustainable retrofits and provided the 
basis for a theoretical hierarchy encompassing all these aspects. It also helped ascertain the 
limitations and deficiencies of the current research. 
 
Step 2 –Pilot study 
Prior to sending out the questionnaires, a pilot study was conducted. Two HVAC designers, 
a contractor and a client representative, were requested to answer the preliminary 
questionnaire. The aim of the pilot study was to screen a comprehensive list of nominated 
attributes and factors to ensure the validity, reliability, and significance of questionnaire 
items before the ground analysis. The questionnaire was amended based on the feedback 
from the pilot survey. 
 
Step 3 – Identify a set of key attributes affecting client decision-making in HVAC 
retrofits 
A questionnaire was designed based on the potential attributes and preliminary factors 
affecting the performance of retrofitted HVAC, which were selected based on the literature 
review. A questionnaire survey and statistical analysis were conducted to help identify the 
key attributes. The results of this step achieved Objective 1 and answered Question 1.  
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Step 4 – Explore the factors which may affect the performance of retrofitted HVAC 
systems 
The questionnaire (see Appendix B) contained three sections. Section A aimed to obtain 
demographic data on participants, including their position, educational background, 
experience, and type of enterprise. Section B was on the key attributes. Section C 
contained a list of preliminary factors which may affect the performance of retrofitted 
HVAC. The major factors were selected based on the mean values of the importance of 
each factor and then classified into several categories with similar characters using factor 
analysis. The results of this step achieved Objective 2 and answered Question 2.  
 
Step 5 – Identify stakeholders' perspectives on key attributes and major factors. 
Following step 2 and step 3, statistical analyses were conducted to identify the 
stakeholders' perspectives on key attributes and major factors. The results of this step 
achieved Objective 3. 
 
Step 6 – Investigate the relationships between the attributes and the factors.  
After identifying the key attributes and the major factors, regression and correlation 
analysis were conducted to explain the relationships between the key attributes and the 
major factors. The results of this step achieved Objective 4.  
 
Step 7 –Develop an ANP HVAC retrofitting assessment model. 
After identifying the major factors, an ANP model was developed to prioritize the factors 
and predict the success of HVAC retrofitting projects. In this step, a small ANP 
questionnaire was conducted to collect data. The results of this step achieved Objective 5.  
 
Step 8 – Develop a toolkit capturing the above outcomes. 
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The integration of the outcomes above enabled the development of a toolkit for selecting 
sustainability features in green HVAC retrofitting for an expected level of performance. 
 
Step 9 – Validation  
Validation included a case project validation and feedback from experts. In this step, a 
small questionnaire was distributed to collect data. Comprising the case project with the 
toolkit, the feedbacks will be captured in the preliminary toolkit in order to improve the 
feasibility and effectiveness. The results of this step achieved Objective 6 and finally 
answered Question 3. 
 
 
Figure 3.1 Research process 
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3.3.2 Data collection methods 
 
As mentioned above, the data collection methods in this research included literature review 
and questionnaire survey. Details are presented below. 
 
3.3.2.1 Literature review 
 
A literature review is the collection of background information for a research study. It aims 
to consolidate all previous studies related to the research by other researchers and to 
understand the current practice (Fellows and Liu, 2008). A suitable literature review can 
help the researcher to uncover research problems. A literature review is not just about 
reading the relevant publications but rather about presenting critiques of existing works in 
order to identify gaps in knowledge (Fellows and Liu, 2008).  
A number of relevant texts were examined in order to obtain a holistic picture of each 
topic of this study including HVAC retrofitting, HVAC assessment, sustainable buildings, 
and energy efficiency. The procedures for retrieving the HVAC retrofitting literature are 
described below: 
─ Firstly, a number of retrofitting projects were reviewed. Projects with both 
successful and unsuccessful results helped identify the common issues in actual 
HVAC retrofits, including project scope definition, stakeholder objectives and 
expectations, technical issues, program details, planned logistics, and knowledge 
management; 
─ Secondly, in two major databases (Engineering Village and Science Direct), 
articles were searched by topic, abstract and keywords by using terms such as 
“green retrofits” and “HVAC technologies”. 129 articles were selected. They were 
related to the retrofit concept, technologies, process of HVAC retrofitting, and 
sustainable HVAC systems;  
─ Thirdly, research reports were retrieved from the websites of international 
organisations, the Australian government, the Victorian government and other 
sources: 
 The IEA: Annex 46, Annex 50, Annex 55, and Annex 56; 
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 Australian government: The Energy Efficiency in Government 
Operations Policy, Commercial Building Disclosures, Building Code of 
Australia energy efficiency, National Australian Built Environment 
Rating System (NABERS);  
 Victorian government: Green Lease Provisions policy;  
 Green Star Council;  





Sekaran (2003) pointed out that interviews, questionnaires, and observation are the three 
main data collection methods in survey research. Interviews provide rich data, offer the 
opportunity to establish rapport with the interviewees, and help to explore and understand 
complex issues. This method is best suited at the exploratory stages of research when the 
researcher tries to get a handle on concepts or factors. On the negative side, interviews 
have the potential to introduce interviewer bias and can be expensive if a large number of 
subjects are involved. Where several interviewers become necessary, adequate training 
becomes a necessary first step. Questionnaires are advantageous when responses to many 
questions have to be obtained from a larger sample, or it is difficult or not possible to 
conduct interviews without great expense. In addition, questionnaires are an efficient data 
collection mechanism when the researcher knows exactly what is required and how to 
measure the variables of interest (Sekaran, 2003). Interviews can be conducted to collect 
broad opinions from respondents. However, questionnaires usually have a low response 
rate and one cannot be sure if the data obtained are biased since the non-respondents may 
be different from those who did respond. Observational studies help to comprehend 
complex issues through direct observation (either as a participant or a non-participant-
observer) and then, if possible, asking questions to seek clarification on certain issues 
(Sekaran, 2003). On the negative side, observational studies are usually expensive, since 
long periods of observation are required. In addition, observer bias may well be present in 
the data. 
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Having considered the advantages and disadvantages of different data collection methods, 
the researcher chose the questionnaire survey as the most profitable way to collect data in 
the present research, while interviews and observational studies were not considered 
applicable. This decision was based on: 
 This research has a clear aim to obtain information about HVAC practitioners’ 
opinions regarding HVAC retrofits; 
 This research will involve a large sample that is geographically dispersed; 
 This research has a limited time. 
 
A questionnaire is a reformulated written set of questions to which respondents record 
their answers, usually within rather closely defined alternatives. Questionnaires can be 
administered personally, mailed to the respondents, or electronically distributed (online 
questionnaires). When the survey is confined to a local area and the organization is willing 
and able to assemble groups of employees to respond to the questionnaires at the 
workplace, a good way to collect data is to personally administer the questionnaires. The 
main advantage of this is that the researcher can collect all the completed responses within 
a short period of time. Any doubts that the respondents might have on any question can be 
clarified on the spot. The researcher is also afforded the opportunity to introduce the 
research topic and motivate the respondents to offer their frank answers. However, chances 
for this kind of survey are hard to find, because organizations are often unable or 
disinclined to allow work hours to be spent on data collection. The main advantage of mail 
questionnaires or online questionnaires is that a wide geographical area can be covered in 
the survey. They are sent to the respondents, who can complete them at their convenience, 
in their homes, and at their own pace. However, the return rates of mail or online 
questionnaires are typically low. A 30% response rate is considered acceptable (Sekaran, 
2003). Another disadvantage of mail or online questionnaires is that any doubts the 
respondents might have cannot be clarified. Nevertheless, some effective techniques can 
be employed to improve the response rate and quality of the answers. Sending follow-up 
letters or emails, enclosing some small monetary incentives with the questionnaires, and 
keeping the questionnaires brief will help enhance the return rate. Attaching an 
introductory cover letter will improve respondents’ understanding of the research topic.  
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Therefore, an online questionnaire was selected as a feasible approach to collect broad 
opinions from HVAC participants, in order to identify the important attributes and factors 
in HVAC retrofits. To achieve the stated aims of the survey, it is important to define and 
select the target population for the survey questionnaires. HVAC retrofits may involve a 
variety of stakeholders, including owners, developers, designers, contractors, and 
engineers. Based on this understanding, three types of respondents were invited to take 
part in the research: property managers working for clients and developers, HVAC 
contractors, and HVAC designers. Since participants were required to have HVAC 
retrofitting experience in building/construction, they provided diverse and rich information 
on HVAC retrofits. Three geographic areas, namely Australia, China, UK and other 
developed countries, were selected for investigation. This decision was based on the 
following factors: 
 The Australian property industry faces a massive challenge in greening its portfolio. 
The Government has committed Australia to a series of challenging targets, 
including a 20% reduction in carbon emissions by 2020, and 80% by 2050. All 
experts agree that this will not be possible without a dramatic improvement in the 
energy efficiency of the building stock. Building retrofits have been put on the 
agenda.  
 With the rapid development of urbanization in China, the building stock is 
increasing quickly. As the same time, building energy consumption in China has 
been increasing at more than 10% each year (Xu et al., 2011), which has gradually 
become a social concern. In order to achieve mandatory carbon reduction targets, 
rapid action to improve building performance is urgently required.  
 Comparatively, the UK and other developed countries have a world-leading role in 
building retrofitting, while preserving the heritage and character of an area. 
Successful retrofits in the UK and other developed countries not only make 
buildings less expensive to operate but also achieve substantial carbon reduction 
and inspire the market. Therefore, experts from these three geographical areas can 
provide a comprehensive view of the performance gap problem and offer valuable 
opinions on how to narrow the gap and contribute to the body of knowledge. 
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3.3.3 Data analysis methods 
 
The data collected in this section were analyzed by a number of statistical techniques 
including descriptive statistics, mean score ranking, reliability analysis, factor analysis, 
one-way analysis of variance (ANOVA), t-test, and regression and correlation analysis.  
 
3.3.3.1 Descriptive statistics 
 
Useful information cannot be extracted unless the raw data collected from various samples 
are well organized (Russo, 2003). Therefore, descriptive statistics that can organize, 
summarize, simplify and interpret data sets effectively should be used to analyse sample 
data (Aron et al., 2013). In the present research, descriptive statistical techniques were 
applied to both demographic and attitudinal data in order to identify the characteristics of 
particular groups and describe the similarities and differences among variables. 
 
3.3.3.2 Mean score ranking technique 
 
Ranking the relative importance of each variable was established by the “mean score” 
method. Rankings of various performance attributes and success factors were obtained by 
calculating the means for the overall sample as well as for separate groups of respondents. 
If two or more factors happened to have the same mean value, the one with the lower 
standard deviation was assigned a higher rank. 
 
3.3.3.3 Reliability analysis  
 
Reliability is concerned with the degree to which the results can be replicated. Reliability 
analysis is useful to measure the degree of stability or consistency of the measurement 
scales and the variables that make them up. A statistic called Cronbach’s alpha (α) is the 
most widely used measure of reliability (Aron et al., 2013). According to Aron et al. 
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(2013), α with value from 0 to 1 is used to measure the internal consistency of the data 
collected; the greater the value (i.e. α closer to 1), the higher is the reliability of the data. 
Generally speaking, α at least 0.7 is the minimum requirement while α closer to 0.9 is 
preferable (Aron et al., 2013). 
 
3.3.3.4 Factor analysis 
 
Factor analysis refers to a variety of statistical techniques whose common objective is to 
represent a set of variables in terms of a smaller number of hypothetical variables (Kim 
and Mueller, 1978). It simplifies a large matrix of correlations and identifies a small 
number of factors that can explain most of the variables observed (Kline, 1994). 
Exploratory factor analysis is commonly used to identify the patterns of how the 
respondents reply to a set of questions and to explore the underlying structure of the 
patterns of responses (De Vaus, 2001). In order to obtain reliable results from this analysis, 
five major steps should be followed (Comrey and Lee, 1992): 
1) Identify the variables; 
2) Compute a correlation matrix for the variables; 
3) Extract the unrotated factors to see whether the chosen model fits the data; 
4) Rotate the factors to make them more interpretable;  
5) Interpret and label the rotated factors. 
 
In the present research, exploratory factor analysis was used to explore and detect the 
underlying relationships among the various performance attributes and success factors. 
This statistical technique can recognize a relatively small number of groups that can be 




ANOVA is a powerful statistical technique that involves partitioning the observed variance 
into different components to conduct various significance tests. ANOVA test statistics can 
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be used to test if more than two groups’ means are equal. In this study, in order to clarify 
whether the opinions of the expert clients, HVAC contractors, and HVAC designers were 
the same for each of the nominated attributes and factors, one-way ANOVA tests of 
significance were conducted to explore the existence of any divergence in opinions 
between the different respondent groups.  
 
3.3.3.6 T-test  
 
A t-test is any statistical hypothesis test in which the test statistic follows a student's t-
distribution if the null hypothesis is supported. It can be used to determine if two sets of 
data are significantly different from each other, and is most commonly applied when the 
test statistic would follow a normal distribution if the value of a scaling term in the test 
statistic were known. When the scaling term is unknown and is replaced by an estimate 
based on the data, the test statistic (under certain conditions) follows a student's t 
distribution. In this research, the student’s t-test analysis was employed to determine the 
importance level of each of attributes and factors and to elicit the key or critical items from 
the nominated list of variables. 
Tamhane’s T2 (conservative pairwise comparisons test based on a t-test) and Dunnett’s T3 
(pairwise comparison test based on the studentized maximum modulus) are the two 
statistical techniques for multiple comparisons, which provide tests for pairwise 
comparisons in one-way ANOVA with unequal group variances (Pallant, 2007). They aim 
to identify the differences between different groups of respondents. 
 
3.3.3.7 Regression and correlation analysis  
 
Regression analysis and correlation analysis are two statistical techniques used to explore 
relationships among variables. Regression analysis is most widely used to explore the 
relationship between a single dependent variable and several independent variables 
(Pallant, 2007). Correlation analysis can be used to describe the strength and direction of 
the linear relationship between two variables (Pallant, 2007). One of the objectives of this 
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research is to explore the relationships between the attributes and factors. In order to 
achieve this aim, two statistical techniques were employed consecutively. First, a multiple 
regression was applied to define the nature and character of the connections between the 
attributes and the factors. Then, based on the results obtained from regression analysis, a 
correlation analysis was carried out to describe the strength and intensity of the 
relationships between the attributes and the factors. 
 
3.3.4 ANP methodology 
 
3.3.4.1 Reasons for using ANP decision-making process 
 
The reasons for using an ANP-based decision analysis approach in the present research are 
as follows: 
 Decision-making in an HVAC retrofit is a multi-criteria decision problem. ANP 
has been adopted in this research due to its suitability in handing tangible and 
intangible factors which involve interactions, dependencies and feedback. The 
feedback can capture the complex effects of interplay in all aspects in  HVAC 
retrofits and offer solutions in a multi-criteria decision environment (Dağdeviren 
and Yüksel, 2010).  
 Although ANP is built on AHP, it is more comprehensive than AHP. ANP is 
especially powerful in decisions involving a variety of interactions and 
dependencies. The major difference between AHP and ANP is that ANP is capable 
of handling interrelationships between the decision levels and factors by obtaining 
the composite weights through the development of a “supermatrix” (Saaty, 2010). 
The supermatrix is actually a partitioned matrix, where each matrix segment 
represents a relationship between two components or clusters in a system (Saaty, 
2001). 
 As it is based on deriving ratio scale measurements, ANP provides a way to input 
judgements and measurements to the distribution of influence among the factors in 
the decisions (Jharkharia and Shankar, 2007). Thus, it can act as a quantitative tool 
for strategy decision-making problems. The detailed analysis of the inter-
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relationships between factors forces the decision-makers to carefully reflect on 
their project priority approach and on the decision-making problem itself. This 
helps to gain a better understanding of the problem and make a more reliable final 
decision. 
 
However, there are a number of limitations and drawbacks of ANP. Jharkharia and 
Shankar (2007) claim that the identification of the problem’s relevant factors and the 
determination of their relative importance require extensive consultations and 
brainstorming sessions. Hence, data acquisition is a very time-intensive process, which 
needs a lengthier time to carry out the practical implementation. Moreover, ANP consists 
of a plethora of interrelated factors. Therefore, the complexity increases exponentially with 
the number of factors and their interdependencies. Compared to AHP, ANP requires more 
calculations and formations of additional pairwise comparisons. Hence, it needs very 
careful tracking of pairwise judgments matrices, which are mainly subjective and 
dependent on expert knowledge (Saaty, 2010). Saaty (2010) introduced the group decision-
making process in pairwise comparison to improve the accuracy of the judgements from 
experts. This method can take advantage of the plurality of its members, and tolerate some 
level of disagreement without affecting the validity of the outcome. 
 
In general, the ANP has four major steps: network model construction, pairwise 
comparison, supermatrix formation and final priorities (Saaty, 1980, 2001, 2005). 
 
3.3.4.2 Network model construction  
 
A problem is decomposed into a network in which nodes corresponds to clusters. In order 
to establish relations and dependencies among the elements, the influences of the elements 
in the feedback system with respect to common attributes are derived during this phase. 
The elements in a cluster can interact with some or all of the elements of another cluster. 
In addition, relationships among elements in the same cluster can exist. These relationships 
are represented by arcs with directions. In general, the ANP is a coupling of two parts 
(Saaty, 2003), as shown in Figure 3.2. The first consists of a control hierarchy or network 
of criteria and sub-criteria that control the interactions in the system under study. In some 
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cases, the control level may not contain criteria, but it is necessary to have a goal. The 
second is a network of influences among the elements and clusters. The network varies 
from criterion to criterion.  
Assuming that a set of criteria has been established, the input to the ANP mode is the 
decision maker’s answer to two kinds of questions of a general form with regard to the 
strength of dominance (Saaty, 2005): 
 Given a criterion, which of two elements has greater influence (is more dominant) 
with respect to that criterion? 





Figure 3.2 A typical structural model of ANP 
 
3.3.4.3 Pairwise comparisons and local priority vectors 
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Conducting pairwise comparisons and obtaining priority vectors in ANP are the same as in 
the AHP. The relative importance values are determined on a scale of 1-9. Table 3.1 
illustrates the explanation of the nine-point scale, on which a score of 1 indicates equal 
importance between the two elements and 9 represents the extreme importance of one 
element compared with the other. Two types of comparisons need to be conducted: 
elements comparisons and cluster comparisons. 
 Elements comparisons: pairwise comparisons are performed on the elements within 
the clusters. Elements in a cluster are compared according to their influence on an 
element in the same cluster or in a different cluster if they are connected; 
 Cluster comparisons: pairwise comparisons are performed on the clusters that 
influence a given cluster with respect to a control criterion. Weights derived from 
this process are used to weigh the elements in the corresponding column blocks of 
the supermatrix corresponding to the control criterion 
 
Table 3.1  Nine-point scale for pairwise comparisons in AHP (Saaty, 1980) 
Intensity of importance  Definition Explanation 
1 Equal importance Two elements contribute equally to the level immediately above 
3 Moderate importance  Judgment slightly favours one element over another  
5 Strong importance Judgment strongly favours one element over another 
7 Very strong importance One element is favoured very strongly over another  
9 Absolute / Extreme importance There is evidence affirming that one element is favoured over another 
2,4,6,8 Immediate values between above scales values When compromises are needed 
Reciprocals of above If element ݅ has one of the above non-zero numbers A reasonable assumption  
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assigned to it when compared with activity ݆, ݆ has the reciprocal value 
when compared to ݅ 
                                                                                  
 
To illustrate the above description, assume there are n elements E1, E2, E3 … En and an 
expert is asked to provide pairwise comparison at a given level, expressing the intensity of 
importance of one element in a pair over another with respect to a common property using 
the preference scale shown in Table 3.1. Hence, the judgement matrix A given in Equation 
3.1 is constructed by putting the results of pairwise comparisons in the position ܽ௜௝ so that 






ۍܽଵଵ    ܽଵଶ








                                                                                    (3.1) 
 
All entries in this matrix are positive. The entry ܽ௜௝  denotes the numerical value assigned 
by the expert to provide the relative significance (the intensity of importance) of the 
element Ei compared to element Ej. If both elements are equally important, then ܽ௜௝  = 1. 
All elements will rank equally when compared to themselves, therefore ܽ௜௜  =1, i.e., the 
diagonal entries will be equal to one. If Ei is more important than Ej, then ܽ௜௝  >1; if Ei is 
less important than Ej, then ܽ௜௝  <1. Matrix A is called a reciprocal matrix (Saaty, 1980). A 
reciprocal value is assigned to the inverse comparison; that is, ܽ௜௝ =  1 ௝ܽ௜⁄  where 
ܽ௜௝ denotes the importance of the ݅th element compared with the ݆th element. If judgments 
are finished in all comparisons, then the transitivity rule is shown as 
௝ܽ௞ =  ܽ௜௞ ܽ௜௝  ݅, ݆, ݇ = 1, … , ݊⁄  for all comparisons. Therefore, A is a consistent matrix 
(Saaty, 1980). 
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Once all pairwise comparisons are performed at every level and comparison matrices are 
constructed, a scale of relative priorities is derived from the paired comparisons. Hence, 
instead of assigning two numbers ݓ௜ and ݓ௝ , a single absolute number from the 
fundamental scale is assigned to approximate the ratio of  ௪೔ ௪ೕ⁄ଵ . It is an approximate 
integer of  ݓ௜ ݓ௝⁄  . Therefore, the paired comparison process using actual measurements 





ۍݓଵ ݓଵ⁄   ݓଵ ݓଶ⁄
ݓଶ ݓଵ⁄    ݓଶ ݓଶ⁄
⋯
ݓଵ ݓ௡⁄
ݓଶ ݓ௡⁄⋮ ⋱ ⋮




                                                                   (3.2) 
 





The next phase of the process is to determine the normalised weights of the elements in a 
matrix, i.e., to obtain the local priority vectors, or relative weights of the elements at each 




 The eigenvalue method  
In order to calculate the priority weights of each criterion, each decomposed level with 
respect to a higher level forms a matrix and the pairwise comparison data are summarized 
in the absolute priority weights on the basis of Saaty’s eigenvector procedure. The relative 
importance of the elements is established by Equation 3.3: 
ܣݓ =  ߣ௠௔௫ݓ                                                                                                                    (3.3) 
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where, ܣ denotes the matrix of pair-wise comparison; ݓ denotes the eigenvector and ߣ௠௔௫ 
denotes the largest Eigenvalue of ܣ. If ܣ denotes a consistency matrix, then eigenvector ܺ 
can be determined by Equation 3.4: 
(ܣ − ߣ௠௔௫ܫ)ܺ = 0                                                                                                            (3.4) 
To assess the reliability of experts’ judgements, Saaty (1980) advised users to validate the 
judgements by studying their consistency in rating the relative importance of the elements. 
AHP does not demand perfect consistency but it provides a measure of inconsistency in 
each set of judgements in terms of the Consistency Index (CI) and the Consistency Ratio 
(CR). The CI is defined by Equation 3.5: 
ܥܫ = ఒ೘ೌೣష௡ିଵ ܥܫ = ఒ೘ೌೣష೙௡ିଵ                                                                                                    (3.5) 
where, n is the dimension of the square pairwise comparison matrix. The CI basically 
reflects the deviation by the amount that the eigenvalue ߣ௠௔௫ deviates from n. The average 
CI, which depends on the matrix order in consideration over a large number of reciprocal 
matrices with random entries, is called the Random Index (RI), which is listed in Table 3.2. 
The ratio of CI to RI is defined as the Consistent Ratio (CR) and can be determined by 
Equation 3.6: 
ܥܴ = ஼ூோூ ܥܴ = ஼ூோூ                                                                                                                (3.6) 
If CR=0, the pairwise comparison matrix is consistent; otherwise, it is not. In general, the 
standard is set at CR=0.1. If CR<0.1, the priority vector is acceptable. Otherwise, if 
CR>0.1, the priority weight is rejected. 
 
Table 3.2 Average RI for corresponding matrix size 
N 1 2 3 4 5 6 7 8 9 10 11 
RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51 
 
 
 The geometric mean method 
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The geometric mean (GM) method is another simple way to obtain a good approximation 
of the priorities and give a unique, geometrically normalized solution. It can be applied in 
the calculation of the weight vector in paired comparisons evaluations in exactly the same 
way as the eigenvalue method, but is developed from statistical considerations and can be 
easily calculated. It shares the desirable qualities of the eigenvalue method in estimating 
the GM vector ݓ. In addition, the GMs of rows and columns provide the same ranking 
(Saaty, 2001). Therefore, in this study, GM is used to aggregate individual judgements to 
represent a group judgement, because it has been proven to be a unique way to do so 
(Saaty, 2001; Saaty, 2010). 
Assume ܣ is consistent and the matrices are given in Equation 3.1 and Equitation 3.2.  
Then, the normalised geometric mean which minimizes the distance between the two 
matrices in a logarithmic scale can be calculated by Equations 3.7, 3.8, 3.9 and 3-10: 
ܫ = ∑ ቀln൫ܽ௜௝൯ − ln ቀ௩೔௩௝ቁቁ
ଶ௡௜,௝வ௜                                                                                          (3.7) 
Letting ݕ௜௝ =ln൫ܽ௜௝൯, and ݔ௜ = ln(ݓ௜) for∀݅, ݆ = 1, … , ݊, yields: 
min௫,௜ୀଵ,…,௡ ቄܫ = ∑ ൫ݕ௜௝ − ݔ௜ + ݔ௝൯ଶ௡௜,௝ୀଵ ቅ                                                                         (3.8) 
Assuming that: 
∏ ݒ௜௡௜ୀଵ = 1                                                                                                                       (3.9) 
Referring to exponential ݓ௜ = exp( ݔ௜), ܽ௜௝= exp( ݕ௜௝), ݅, ݆ = 1, … , ݊, yields the GM vector 
ݒ = (ݒଵ, ݒଶ … , ݒ௡): 
ݒ௜ = ൫∏ ܽ௜௝௡௝ୀଵ ൯భ೙, ݅ = 1, … , ݊                                                                                          (3.10) 
Thus, the GM is computed by multiplying the elements in each row and taking their nth 
root, where n is the number of elements.  
 
 Group decision-making 
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A decision may carry much more weight when a group makes it than when just one person 
does. However, a group decision-making process needs to be managed to take advantage 
of the plurality of its members. This is because disputes may arise regarding values, beliefs 
about the consequences of a decision, and preferences for certain alternatives. Hence, there 
is a need for a method of synthesis that tolerates some level of disagreement without 
affecting the validity of the outcome. The method must be able to incorporate a situation 
when different people with different levels of authority and expertise and different 
strengths of opinions can affect the outcome differently. It is essential to quantify such 
intensities numerically in order to combine them and trade them off. 
The reciprocal property plays an important role in combining the judgements of several 
individuals to obtain a judgement for a group. Judgements can be combined by the 
geometric mean so that the reciprocal of the synthesised judgements must be equal to the 
syntheses of the reciprocals of these judgements. While the geometric mean satisfies the 
reciprocal relation, the arithmetic mean does not satisfy this relation. For example, if three 
experts estimating how many times the “General project organization skills and teamwork” 
is scalable than “Control flexibility and system integration of retrofitted HVAC”, their 
judgements may be twice larger, triple times larger, and four times larger, respectively. 
Therefore, the geometric mean of these judgements is (2×3×4) ⅓ = 2.88 and the reciprocal 
of the synthesised judgements is 1/ 2.88 = 0.3467, which is also equal to the syntheses of 
the reciprocals of these judgements (1/2 ×1/3×1/4) ⅓ = 0.3467, while the arithmetic mean 
is (2+3+4)/3=3 but the reciprocal of 3 = 0.3333 ≠ (1/2+1/3+1/4)/3=0.3611. The basis for 
using the method has been justified mathematically by Saaty (2010).  
 
3.3.4.4 Supermatrix formation 
 
The local priority vectors are entered into the appropriate columns of a supermatrix, which 
is a partitioned matrix where each segment represents a relationship between two clusters. 
The ANP uses the formation of a supermatrix to allow for the resolution of the effects of 
the interdependence that exists between the elements of the system. The supermatrix 
resembles the Markov chain process and summarises all influences where each sub-matrix 
is composed of a set of relationships between clusters. There are three supermatrices 
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associated with each ANP network: unweighted, weighted, and limit supermatrices (Saaty, 
2005). 
Assume a network that has been decomposed into N clusters, represented by C1, C2, …, CN, 
and the elements in Ck, 1≤k≤N are ek1, ek2, …, eknk, where nk is the number of elements in 
Ck clusters. The supermatrix is denoted by Equation 3.11. 
 














ۍ ଵܹଵ     ଵܹଶ
ଶܹଵ     ଶܹଶ
⋯
ଵܹே   
ଶܹே
⋮ ⋱ ⋮







                                    (3.11) 
 
A matrix segment ௜ܹ௝ which represents a relationship between the ݅th cluster and the ݆th 








ۍ ௜ܹଵ(௝భ)    ௜ܹଶ(௝మ)













                                                                   (3.12) 
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Each column of ௜ܹ௝  is a local priority vector derived from paired comparisons, 
representing the importance of the elements in the Ci to an element in the Cj. When there is 
no relationship between clusters, the corresponding matrix segment is a zero matrix.  
Next, the supermatrix is transformed into the weighted supermatrix. This can be done by 
determining a cluster priority vector for each cluster, namely, by conducting pairwise 
comparison among clusters  
Finally, the weighted supermatrix is transformed into the limit supermatrix by raising itself 
to power 2k+1, where k is an arbitrarily large number, to allow for convergence of the 
interdependent relationships. The rationale for multiplying the weighted supermatrix is to 
capture the transmission of influence among all possible paths of the supermatrix.  
 
3.3.4.5 Final priorities  
 
Hence, once the supermatrix covers the whole network, the final priorities of elements are 
found in the corresponding columns in the limit supermatrix. With the priorities 
normalised by the cluster, the columns of the limit supermatrix are all the same. All 
elements’ priorities can be read from any column and the highest priority is to be selected. 
If there is more than one criterion in the control level, repeat the supermatrix formation to 
calculate another supermatrix. Additional calculations should be made to obtain final 
priorities. 
 
3.3.5 Validation of results 
 
This research was of applied research nature rather than social research. The main research 
outcomes (e.g. key performance attributes, critical success factors, decision-making 
process, etc.) were achieved through quantitative analysis on data obtained from the 
surveys. However, it will be lengthier if a case study is employed to validate the results 
from the beginning stage to the end of the HVAC retrofitting project (e.g. retrofit planning, 
design, construction, and operation and maintenance, etc.). Thus, validation of the results 
can be conducted with HVAC practitioners to ask them to recall their experiences in 
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practices and validate the results from this research. Semi-structured face-to-face 
interviews were conducted to validate the important attributes and factors comparing with 
the interviewers’ experience.  
Interviews can be unstructured, semi-structured or structured (Kahn and Cannell, 1957). 
Semi-structured interviews are designed to have a number of interview questions prepared 
in advance but such prepared questions are designed to be sufficiently open that the 
subsequent questions of the interviewer cannot be planned in advance but must be 
improvised in a careful and theorized way (Wengraf, 2001). Compared with unstructured 
ones, semi-structured interviews can focus on what the interviewer expects to acquire; 
compared with structured ones, semi-structured interviews require as much preparation 
before the session, more discipline and creativity in the session, more time for analysis and 
interpretation after the session, but can acquire more valuable information (Sekaran, 2003). 
On the other hand, interviews can be conducted either face to face or by telephone or 
online, depending on the level of complexity of the issues involved, the likely duration of 
the interview, the convenience of both parties, and the geographical area covered by the 
survey. Face-to-face interviews allow the researcher to adapt the questions as necessary, 
clarify doubts, and ensure that responses are properly understood by repeating or 
rephrasing the questions. Its main disadvantage is the geographical limitations (Oishi and 
Frey, 1995). Telephone interviews can cover large geographical areas easily but may be 
not easy for the researcher to put his/her idea clearly and further be denied by the 
respondent without warning. Computer assisted interviews can be stated simply as quick 
and more accurate information gathering, plus faster and easier analysis of data; however, 
it entails heavy initial investment on computer facilities and the response rate is relative 
low currently (Sekaran, 2003). In this research, a semi-structured face-to-face interview 
approach was employed for the following reasons:  
 Most interview questions are structured, based on the potential issues obtained from 
the questionnaire survey. However, there might have other issues that have not been 
exposed by the previous questionnaire survey. Using semi-structured interviews can 
allow the interviewees to add any other potential problems as per their knowledge and 
experience. 
 Since most of the interview questions are obtained from the questionnaire, it could be 
difficult for the interviewees to understand the real meaning of each question in such 
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abstract terms. The face-to-face approach can allow the researcher to explain the real 
meaning of each question to the interviewees and let them make rational decisions and 
comments. 
 With semi-structured interviews, the researcher can give the interviewees chances to 
freely present their own opinions on the questions and the possible solutions. And the 
researcher can clarify ambiguities in questions or answers immediately during the 
interviews. 
 By semi-structured face-to-face interviews, the researcher can not only ask the 
interviewees to perceive the important attributes and factors, but also allow them to 
comment according to their experience and knowledge. 
 
The semi-structured face-to-face interviews were undertaken with four experienced 
professionals who had worked on a HVAC retrofit project, including a project manager, a 
HVAC designer, an installation contractor and a technician. The respondents were asked to 
recall their experience in this retrofit project. Comprising the case project with the toolkit, 
the feedbacks will be captured in the preliminary toolkit in order to improve the feasibility 
and effectiveness, which will be presented in detail in Chapter 6. 
 
3.4 Chapter summary  
 
This chapter has presented the relevant literature on methodological issues and described 
the specific methodologies adopted in this research. The research design was developed 
first, in which the main elements, including the purpose of the study, type of investigation, 
extent of researcher interference, study setting, unit of analysis, and time horizon, were 
defined. Then, the methodology adopted in this research was presented in detail, including 
the research process model, data collection methods, data analysis methods, and the 
decision-making method. Together these form the comprehensive methodological 
approach that underpinned and consolidated this research. 
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CHAPTER 4  
Identification and analysis of key performance attributes and 




4.1 Introduction  
 
This objective of this chapter is to explore the relative importance of the preliminary 
attributes affecting client decision-making on HVAC retrofits and the preliminary factors 
influencing the performance of HVAC retrofits which were proposed in Chapter 2. A 
questionnaire was employed as the primary data collection method. The data collected 
from the questionnaire survey were analysed by applying statistical techniques, and the 
results are presented and explained in this chapter. This chapter is structured as follows: 
 Survey design and administration are presented in Section 4.2. The data analysis 
starts with exploring the sample characteristics. In this section, the profiles of 
respondents are analysed using descriptive statistics and presented in the form of a 
graph. The purpose of exploring the sample characteristics is to test the reliability 
of the data collected through the survey. 
 
 Section 4.3 presents the data analysis and results. A series of statistical techniques 
were applied. Factor analysis was used for reducing the number of variables, and 
creating new dimensions by grouping highly correlated variables. ANOVA, 
Tamhane’s T2 and Dunnett’s T3 were then used to compare the extracted items 
among different participates. The results achieved objectives 1, 2 and 3. 
 
 Section 4.4 explores the relationships between the important attributes and the 
important factors identified in Section 4.3. Two statistical techniques were 
employed consecutively. First, multiple regression was applied to define the nature 
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and character of the connections between the attributes and the factors, which are 
presented in Section 4.4.1. Then, based on the results obtained from the regression 
analysis, correlation analysis was carried out to describe the strength and intensity 
of the relationships between the attributes and the factors, which are presented in 
Section 4.4.2. The results achieved objective 4. 
 
 
4.2 The questionnaire  
 
4.2.1 Survey design 
 
This questionnaire required the respondents to rate the influence of nominated attributes 
and factors based on their judgement and experience. The introductory cover letter and the 
questionnaire to respondents are attached in Appendix A and Appendix B. All questions 
used in this survey were closed. In responding to the questionnaire, respondents were 
invited to indicate the level of significance of each of the attributes and factors.  The level 
of importance was measured on a 5-point Likert scale, with 1 representing extremely 
unimportant, 2 unimportant, 3 neutral, 4 important, and 5 extremely important. 
Respondents were also invited to add new attributes or factors if necessary. The 
questionnaire consisted of three sections: 
 Section A aimed to obtain demographic data on the participants, such as their 
position, educational background, experience, type of enterprise, etc.;  
 Section B aimed to explore the attributes which may affect the client’s decision- 
making on HVAC retrofits; 
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4.2.2 Pilot study 
 
Prior to sending out the questionnaires, a pilot study was conducted. Two HVAC designers, 
a contractor and a client representative, were requested to answer the preliminary 
questionnaire. The aim of the pilot study was to screen a comprehensive list of nominated 
attributes and factors to ensure the validity, reliability, and significance of questionnaire 
items before the ground analysis. The questionnaire was amended based on the feedback 
from the pilot survey. The revised questionnaire was designed for response over a web link 
and sent to potential respondents via email. A covering letter was attached as part of the 
questionnaire. The objective of this letter was to explain the purpose of the study and to 
assure respondents of the confidentiality of the information provided by them.  
 
4.2.3 Survey administration 
 
Fellows and Liu (2008) suggest that a two-stage approach can be used in identifying the 
most appropriate survey participants. First, organizations that engage in HVAC retrofits in 
Australia, China, and the UK and other developed countries were identified. The next step 
was to seek the senior HVAC professionals within each organization.  An industry 
association is usually the leading entity representing a particular area or sector. Industry 
associations have often been a very useful source for identifying highly knowledgeable 
survey participants in previous studies. For example, in Australia, the Australian Institute 
of Refrigeration, Air Conditioning and Heating (AIRAH) is the recognised voice of the 
Australian air conditioning, refrigeration and heating industry. Therefore, the AIRAH was 
contacted first with the objective of identifying the most appropriate survey participants. 
Consultation with AIRAH indicated that its members included clients, large construction 
companies, design or consulting companies and academics. These representatives have 
rich experience of HVAC retrofits and have detailed knowledge of HVAC retrofits, and 
were therefore invited to participate in this survey. At the same time, large companies and 
government institutions relevant to building and HVAC retrofits were searched on the 
internet.  From their bodies’ websites, practitioners who have participated in HVAC 
retrofits were elicited. Professional networking media such as LinkedIn were also helpful 
to approach potential participants. 
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4.2.4 Sample size  
 
The mathematics of probability proves the size of the population is irrelevant unless the 
size of the sample exceeds a few percent of the total population you are examining (Moser 
and Kalton, 1985). This means that a sample of 500 people is equally useful in examining 
the opinions of a state of 15,000,000 as it would a city of 100,000. For this reason, this 
research ignores the population size when it is "large" or unknown. Population size is only 
likely to be a factor when work with a relatively small and known group of people (e.g., 
the members of an association). 
When determining sample size, it must decide the acceptable amount of sampling error. 
Unfortunately there are no broad rules of thumb as to the acceptable margin of error 
(Bordens and Abbott, 2007). It depends in part on the use to which will put the results 
(Moser and Kalton, 1985). Bordens and Abbott (2007) pointed out that a good way to 
determine the acceptable margin of error is to look at literature describing similar surveys 
to see what margin of error was used. Once the margin of error has been determined, the 
sample size can be calculated by Equation 4-1. 
݊ = ௧మ௉(ଵି௉)(ௌாು)మ                                                                                                                      (4-1) 
Where P is the estimate of the proportion of the population hath has particulate 
characteristic, and ܵܧ௉ is the acceptable margin of error.  
In this research, the confidence level is 95%, thus the ݐ  value = 1.96 ≈ 2. When 
determining the sample size needed for a given level of accuracy, it must use the worst 
case percentage (50%), namely, P=50% (Saris and Gallhofer, 2007). According to the 
literature, the maximum acceptable ܵܧ௉ is 5% (Russo, 2003; Tabachnick and Fidell, 2007). 
The sample size can be calculated by Equation 4-1 as follow: 
݊ = ଶమ×ହ଴%×(ଵିହ଴%)(ହ%)మ  = 400 
 
A full-scale survey was conducted during March -June 2014. A total of 400 questionnaires 
were delivered to respondents, and 144 valid copies were retrieved. The response rate was 
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36%, which is higher than the average response rate for an online survey (10%-15%) 
(Sekaran, 2003). The number of responses was acceptable.  
 
4.2.5 Sample characteristics  
 
Of the respondents, 16 were clients, 36 were HVAC contractors, and 92 were HVAC 
designers. In practical HVAC retrofits, the clients involved in the projects are usually 
fewer than the contractors and designers. It is understood that most retrofitting works in 
real projects are undertaken by contractors and designers. The distribution of respondents 
by position is presented in Figure 4.1. 
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Most of the respondents held higher education qualifications. While two were secondary 
school certificate holders, 17 had TAFE/college diplomas, 63 held undergraduate degrees, 
58 had postgraduate degrees, and four held other degrees. The respondents’ educational 
profile is illustrated in Figure 4.2. 
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With respect to the length of work experience in the HVAC industry, 39 respondents had 
1-5 years, 28 6-10 years, 22 11-15 years, and 55 had more than 15 years of experience. In 
general, 73% of the participating industry practitioners had more than five years of 
industry experience, with 38% of the whole sample having more than 15 years of industry 
experience, illustrating the contribution of the most experienced in this research. The 
respondents’ work experience profile is presented in Figure 4.3. 
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With respect to the number of HVAC retrofit projects with which these practitioners had 
been involved, 44 had experience with no more than 20 HVAC retrofitting projects, 65 had 
experience with 20-50 projects, 23 with 50-100 projects, and 12 with more than 100. 
Overall, approximately 70% of the participants had been involved in more than 20 HVAC 
retrofitting projects, and almost a quarter of the total participants had been involved in 
more than 50 HVAC retrofitting projects. These figures indicate the involvement of key 
personnel from the HVAC industry in the survey. The participants’ involvement with 
HVAC retrofitting projects is presented in Figure 4.4. 
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  Page 83    
All respondents were from three geographic areas, namely Australia, China, the UK and 
other developed countries. Figure 4.5 indicates that 55 respondents were from Australia, 
55 from China, and 34 from the UK and other developed countries. 
 
Figure 4.5 Sampling distribution of respondents by geographic area  
 
The analysis of sample characteristics confirmed the qualifications and expertise of the 
respondents. It was believed that, with their varied background and knowledge in the field, 
their views would provide a good reflection of the attributes/factors and their relative 
importance. 
 
4.3 Data analysis and results  
 
The collected data were analysed using the Statistical Package for Social Science (SPSS 
21.0).  Four data analysis techniques were used as follows: 
 Mean ranking;  
 Factor analysis;  
 ANOVA; 
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Factor analysis was applied to identify the most important attributes and factors that 
influence the performance of retrofitted HVAC systems. One-way ANOVA, Tamhane’s 
T2 and Dunnett’s T3 were used to identify the importance of each item for the different 
participants and to compare the differences between participants, which can help identify 
different opinions among clients, contractors and designers. These results could be used to 
develop a dedicated HVAC retrofit assessment model and help all participants in the 
industry undertake performance-based retrofits. The significance level in this research 
followed the usual level for statistical significance of 0.05. The list of variables including 
the respective codes is presented in Tables 4.1 and 4.2. 
Table 4.1 Variable Codes and Descriptions ─ Nominated Attributes 
Code Description  A1 Low operating & maintenance cost A2 Low life cost  A3 Low capital investment on HVAC retrofits  A4 Higher rental income  A5 Short pay-back period  A6 Reduced vacancy rates  A7 Increased market value of the building  A8 Remaining life of existing HVAC system  A9 Performance of existing HVAC system  B1 Improving user's comfort  B2 Meeting the client’s / occupant's demand  B3 Reducing absenteeism  B4 Improved users’ work productivity  B5 Improved building flexibility  B6 Improved corporate image  B7 Contribution to sustainable city  C1 Lower energy consumption and lower carbon emissions C2 Reduced pollution related to fuel consumption  C3 Reduced contamination and odour emissions  C4 Improved thermal comfort  C5 Improved air quality  C6 Reduced noise level  D1 Availability of renovation policies and political strategies promoting housing renovation  D2 Incentives and financial support from government  D3 Compulsory controls, such as performance-related regulations, i.e. NABERS, Green Star or ABGR environmental rating standards  D4 Implementation of new energy reduction initiatives, such as Energy Performance Contracting  (EPC)   
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Table 4.2 Variable Codes and Descriptions ─ Nominated factors 
Code Description E1 Awareness of green HVAC retrofitting outcomes E2 Competence of HVAC technical knowledge  E3 Willingness to be involved in the project  E4 Willingness to use new HVAC technologies for green outcomes  E5 Ability to contribute ideas to HVAC retrofit design process  E6 Ability to contribute ideas to HVAC retrofit construction process  E7 Experience with the procurement process  E8 Financial resources capability  E9 Skilled leadership in organizing HVAC retrofits project  F1 Availability of personnel resources  F2 Commitment to on-time and on-budget project delivery  F3 Familiarity with new HVAC technology design-related policies and regulations  F4 Familiarity with new HVAC technology construction-related work  F5 Company size  F6 Experience in using new HVAC technologies  F7 Diversity of technical capability  F8 Number of subcontractors engaged on project  F9 Availability of equipment resources  F10 Willingness to use new HVAC technologies for green outcomes  F11 Familiarity with new HVAC technology maintenance-related work  F12 Diversity of personnel  F13 Financial resources capability  F14 Communication with suppliers  F15 Skilled leadership in organizing HVAC retrofitting projects G1 Project team cohesiveness  G2 Commitment of HVAC designer to achieve project goals and objectives  G3 Commitment of HVAC contractor to achieve project goals and objectives  G4 Level of trust in the project team  G5 Effectiveness of working relationship between client and HVAC designer  G6 Effectiveness of working relationship between client and HVAC contractor  
G7 Effectiveness of teamwork and communication between HVAC designer and HVAC contractor  G8 Effectiveness of development of an appropriate organizational structure to maintain work-flow  G9 Skills in resolving problems  G10 Effectiveness of project team coordination  
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Table 4.2 Variable Codes and Descriptions ─ Nominated factors (continued) 
Code Description H1 Clarity of project scope  H2 Clarity of client's objectives and requirements  H3 Effectiveness of HVAC retrofit programming  H4 Understanding of HVAC's current state, including problems and limitations  H5 Clarity of HVAC performance assessment and diagnostics  H6 Appropriateness of retrofit solutions  H7 Completeness of documentation  I1 Geographic location of building being retrofitted I2 Orientation of  building being retrofitted I3 Condition of existing HVAC systems  I4 Impact of occupancy schedule and churn on performance of HVAC systems  I5 Operational schedule and maintenance records of existing HVAC systems  I6 Life span of selected HVAC retrofitting technologies  I7 Ability to further upgrade selected HVAC retrofitting technologies  I8 Control flexibility of selected HVAC retrofitting technologies  I9 Compatibility with other building systems of selected HVAC retrofitting technologies  I10 Integration with building automation systems of selected HVAC retrofitting technologies  
 
4.3.1 Consistency and reliability  
 
In the questionnaire, there were 26 variables on the attribute list and 51 variables on the 
factor list. Before conducting further analysis, it was important to find the scale of the 
sample that is reliable. Cronbach’s alpha was used to test whether the items were 
consistent and reliable. A commonly accepted rule (Pallant, 2007) for describing internal 
consistency using Cronbach's alpha is illustrated in Table 4.3. The results of Cronbach’s 
alpha for attributes and factors were 0.865 (Table 4.4) and 0.922 (Table 4.5), indicating 
good and excellent internal consistency, respectively.  
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Table 4.3 Rule for describing internal consistency using Cronbach's alpha  (Pallant, 
2007) 
Cronbach's alpha Internal consistency α ≥ 0.9 Excellent (High-stakes testing) 0.7 ≤ α < 0.9 Good (Low-stakes testing) 0.6 ≤ α < 0.7 Acceptable 0.5 ≤ α < 0.6 Poor α < 0.5 Unacceptable  
Table 4.4 Reliability of the attributes 
Cronbach's alpha No. of items .865 26  
Table 4.5 Reliability of the factors 
Cronbach's alpha No. of items .922 51  
 
4.3.2 Ranking of attributes and factors 
 
The first analysis ranked the attributes and factors according to the mean values of the 
responses. The mean score rating was calculated using Equation 4-2.  
Mean = ଵ(௡భ)ାଶ(௡మ)ାଷ(௡య)ାସ(௡ర)ାହ(௡ఱ)(௡భା௡మା௡యା௡రା௡ఱ)                                                                                  (4-2) 
where, ݊ଵ, ݊ଶ, ݊ଷ, ݊ସ, ݊ହ represent the total number of responses for selection criteria 1 to 5 
respectively. 
 
Table 4.6 and Table 4.7 show the ranking of the attributes and factors based on mean 
values. If two or more factors happened to have the same mean value, the one with the 
lowest standard deviation was assigned the highest importance. 
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The Student’s t-test analysis was employed to determine the importance of each variable. 
The test assesses the statistical significance between two sample means for a single 
dependent variable (Hair et al., 2010). The t-test sets out where the null hypothesis (μ1 < μ0) 
against the alternative hypothesis (μ1 > μ0) were tested, where μ1 represents the population 
mean, and μ0 represents the critical rating above which an attribute or a factor is considered 
most important. The value of μ0 was fixed at 4, as it represents “important” and “extremely 
important” attributes or factors according to the scale in the questionnaire. The decision 
rule was to reject the null hypothesis when the calculation of the observed t-value (tO) was 
greater than the critical t-value (tC), as shown in Equation 4-3 (Ekanayake and Ofori, 2004; 
Holt, 1997). This implies that, for research rigour, only those criteria with mean ratings 
above or equal to “4” (‘important’) were included for consideration. 
ݐை = ఞି ఓబ௦̂ವ √௡⁄                                                                                                                          (4-3) 
ݐ஼ = ݐ(௡ିଵ,ఈ)                                                                                                                      (4-4) 
ݐை >  ݐ஼                                                                                                                                           (4-5) 
where, ߯  is the sample mean, ̂ݏ஽ √݊⁄  is the estimated standard error of the mean of 
different scores (i.e. ̂ݏ஽  is the sample standard deviation of difference scores in the 
population, ݊ is the sample size (144 in the present study), ݊ − 1 represents degree of 
freedom, and ߙ  represents the level of statistical significance. The level of statistical 
significance (ߙ) is the degree of risk that researchers are willing to take in rejecting a null 
hypothesis when it is true (i.e. Type 1 error) in reporting results of statistical tests (Salkind, 
2013). A level of significance set at 0.05 represents a 5% chance of making a Type 1 error 
on any one test of the null hypothesis (Salkind, 2013). 
In the present study, the attributes and factors were tested using Equation 4-5. If the 
observed t-value was larger than the critical t-value (ݐை >  ݐ஼), t (143, 0.05) = 1.656 at 95% 
confidence interval, then the null hypothesis that the attributes or factors which were 
‘neutral’, “unimportant”, and “extremely unimportant” was rejected, and the alternative 
hypothesis was accepted. Conversely, if the observed t-value was smaller than the critical 
t-value, the null hypothesis that “neutral”, “unimportant”, and “extremely important” was 
accepted. 
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The results of mean ranking from Table 4.6 and Table 4.7 show that: (1) the 26 nominated 
attributes are regarded as the key performance attributes (KPAs) influencing the client’s 
decision-making on HVAC retrofits; (2) the 29 nominated factors are regarded as the 
critical success factors (CSFs) affecting the performance of retrofitted HVAC projects. 
 
Table 4.6 Ranking of attributes 
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Table 4.7 Ranking of factors 
Code N Mean Std. deviation t-value Rank Code N Mean Std. deviation t-value Rank H2 144 4.46 0.66 8.364 1 I7 144 4.14 0.67 2.507 27 
H1 144 4.40 0.74 6.486 2 I6 144 4.12 0.68 2.118 28 
G10 144 4.37 0.59 7.525 3 F6 144 4.11 0.72 1.833 29 
G3 144 4.35 0.61 6.885 4 F14 144 3.98 0.72 -0.333a 30 
G9 144 4.35 0.63 6.667 5 F9 144 3.97 0.81 -0.444a 31 
G2 144 4.34 0.60 6.800 6 F10 144 3.97 0.84 -0.429a 32 
G5 144 4.33 0.59 6.712 7 E3 144 3.94 0.83 -0.867a 33 
G1 144 4.31 0.65 5.723 8 G8 144 3.92 0.75 -1.280a 34 
H3 144 4.29 0.61 5.705 9 F7 144 3.91 0.78 -1.385a 35 
I8 144 4.28 0.62 5.419 10 E2 144 3.88 0.86 -1.674a 36 
G6 144 4.27 0.68 4.765 11 E9 144 3.86 0.94 -1.787a 37 
F15 144 4.27 0.69 4.696 12 E1 144 3.85 0.91 -1.978a 38 
G7 144 4.27 0.70 4.629 13 F13 144 3.83 0.69 -2.957a 39 
H5 144 4.26 0.70 4.457 14 I5 144 3.80 0.85 -2.824a 40 
G4 144 4.25 0.69 4.348 15 I3 144 3.78 0.82 -3.220a 41 
I10 144 4.24 0.67 4.299 16 F11 144 3.76 0.81 -3.556a 42 
H4 144 4.24 0.74 3.892 17 I4 144 3.68 0.81 -4.741a 43 
H6 144 4.23 0.64 4.313 18 E7 144 3.59 0.96 -5.125a 44 
F3 144 4.21 0.81 3.111 19 F5 144 3.55 0.99 -5.455a 45 
I9 144 4.20 0.63 3.810 20 I2 144 3.51 0.95 -6.189a 46 
F4 144 4.20 0.75 3.200 21 E5 144 3.51 0.98 -6.000a 47 
E8 144 4.20 0.82 2.927 22 F12 144 3.49 0.78 -7.846a 48 
H7 144 4.19 0.77 2.961 23 E6 144 3.48 0.97 -6.433a 49 
F1 144 4.18 0.74 2.919 24 I1 144 3.46 1.03 -6.291a 50 
F2 144 4.17 0.74 2.757 25 F8 144 3.34 1.01 -7.842a 51 
E4 144 4.17 0.81 2.519 26       
a shows  t-values that are less than the cut-off t-value (1.656). 
 
Ranks of attributes in Table 4.6 revealed that, C1 “lower energy consumption and lower 
carbon emissions”, B2 “meet the client’s / occupant’s demand”, D3 “compulsory controls, 
such as performance-related regulations, i.e., NABERS, Green Star or ABGR 
environmental rating standards”, A1 “lower operating and maintenance cost”, A9 
“performance of existing HVAC system” were considered as the leading KPAs when 
client made decisions in the HVAC retrofitting projects.  In Table 4.7, the results indicated 
that at least five CSFs were considered important in HVAC retrofitting project, including 
H2 “clarity of project scope”, H1 “clarity of client's objectives and requirements”, G10 
“effectiveness of project team coordination”, G3 “commitment of HVAC contractor to 
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achieve project goals and objectives”, and G9 “skills in resolving problems”. However, the 
results were not enough to represent the list of KPAs and CSFs. Further analysis of KPAs 
and CSFs in next section will help to identify the most important attributes and factors. 
 
 
4.3.3 Factor analysis  
 
A long list of 26 KPAs and 29 CSFs is not very helpful to succinctly explain the success of 
a HVAC retrofit project. Factor analysis was therefore used to explore and detect the 
underlying relationships among the KPAs and CSFs. This statistical technique can 
recognize a relatively small number of groups that can be used to represent relationships 
among sets of many interrelated variables. Factor analysis is a series of methods for 
finding clusters of related variables and hence an ideal technique for reducing a large 
number of items into a more easily understood framework. It focuses on a data matrix 
produced from the collection of a number of individual cases or respondents. In the present 
research, factor analysis was applied to explore the underlying constructs of the KPAs and 
CSFs of HVAC retrofitting projects.  
 
4.3.3.1 Factor analysis: KPAs 
 
According to Pallant (2007), two main issues must be considered in determining whether a 
particular data set is suitable for factor analysis: sample size and the strength of the 
relationship between the variables. Regarding the sample size question, Hair et al. (2010) 
point out that the researcher generally would not factor analyse a sample of fewer than 50 
observations and preferably the sample size should be 100 or larger. As a general rule, the 
minimum is to have at least five times as many observations as the number of variables to 
be analysed, and a more acceptable sample size would have a 10:1 ratio (Hair et al., 2010). 
There were 26 variables in the attributes section. Therefore, according to the rule, at least 
130 observations should be obtained. This survey received 144 replies, which is above the 
minimal ratio.  In terms of the strength of relationship between the variables, three 
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statistical measures should be addressed: most values in the correlation matrix should be 
greater than 0.3 (Tabachnick and Fidell, 2007); Bartlett's test of sphericity should be 
significant (p < 0.05) (Bartlett, 1954); the value of Kaiser-Meyer-Olkin (KMO) should be 
above 0.6 (Kaiser, 1970, 1974). In Table 4.8, Bartlett’s test of sphericity is 1599.107 and 
the associated significance level is 0.000. The value of the KMO measure of sampling 
accuracy is 0.778, which is higher than 0.6 and hence is considered acceptable. In addition, 
more than half of the correlation coefficients in Table 4.9 are above 0.3. These results 
confirm the factorability of the data. 
Table 4.8 KMO and Bartlett's test for KPAs 
KMO measure of sampling adequacy. .778 Bartlett's test of sphericity Approx. chi-square 1599.107 Df 325 Sig. .000  
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Table 4.9 Correlation matrix of KPAs 
  A1 A2 A3 A4 A5 A6 A7 A8 A9 B1 B2 B3 B4 B5 B6 B7 C1 C2 C3 C4 C5 C6 D1 D2 D3 D4 A1 1.00                          A2 .164 1.00                         A3 .206 .164 1.00                        A4 .172 .005 .155 1.00                       A5 .235 .041 .236 .416 1.00                      A6 .110 .075 .080 .461 .336 1.00                     A7 .185 .036 .109 .451 .243 .648 1.00                    A8 .163 .044 .080 .099 .116 .056 .124 1.00                   A9 .085 .161 .000 .107 .042 .029 .055 .337 1.00                  B1 .177 .102 .065 .072 .048 .257 .218 .211 .393 1.00                 B2 .079 .111 .043 .011 .093 .122 .128 .052 .331 .562 1.00                B3 .016 .123 .117 .163 .111 .308 .267 .149 .157 .347 .331 1.00               B4 .022 .162 .011 .164 .211 .302 .197 .183 .243 .367 .330 .656 1.00              B5 .095 .089 .019 .066 .206 .299 .265 .217 .270 .306 .287 .458 .619 1.00             B6 .039 .065 .050 .286 .318 .388 .339 .014 .026 .234 .185 .260 .319 .457 1.00            B7 .105 .033 .127 .192 .107 .157 .113 .282 .337 .471 .379 .316 .356 .334 .275 1.00           C1 .125 .077 .040 .212 .066 .054 .025 .140 .491 .504 .399 .232 .261 .224 .039 .504 1.00          C2 .267 .065 .103 .261 .058 .057 .058 .228 .426 .472 .330 .300 .389 .395 .170 .632 .618 1.00         C3 .272 .114 .178 .285 .087 .030 .016 .231 .435 .420 .289 .256 .380 .339 .144 .502 .364 .705 1.00        C4 .161 .170 .003 .042 .094 .031 .032 .036 .304 .438 .280 .210 .200 .147 .095 .285 .338 .386 .365 1.00       C5 .189 .162 .053 .133 .056 .028 .030 .133 .412 .461 .271 .260 .374 .287 .131 .357 .442 .549 .605 .686 1.00      C6 .095 .029 .045 .118 .053 .207 .152 .066 .315 .299 .353 .280 .290 .258 .220 .291 .153 .405 .359 .515 .561 1.00     D1 .188 .034 .080 .022 .177 .117 .167 .295 .089 .273 .200 .369 .286 .247 .119 .331 .204 .384 .333 .214 .255 .296 1.00    D2 .301 .176 .289 .075 .262 .107 .188 .228 .126 .195 .103 .283 .296 .287 .178 .084 .075 .183 .152 .207 .211 .165 .474 1.00   D3 .026 .065 .217 .157 .128 .212 .191 .207 .243 .183 .293 .214 .158 .181 .173 .180 .238 .084 .034 .223 .125 .163 .374 .340 1.00  D4 .190 .067 .126 .062 .049 .050 .076 .182 .351 .314 .253 .250 .303 .321 .026 .321 .382 .275 .327 .232 .270 .182 .295 .195 .356 1.00  
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In order to avoid confusion between the extracted factors and variances, it was necessary 
to rename the extracted factors as a “cluster” in the interpretation of the results. Seven 
clusters with eigenvalues greater than 1 were extracted. Table 4.10 shows the final 
statistics on the principal component analysis, and the clusters extracted account for 
64.553% of the variance. Table 4.11 lists the cluster matrix after oblimin rotation. 
 
Table 4.10 Principal component analysis for KPAs 
Component Initial eigenvalues Extraction sums of squared loadings 
Total % of Variance Cumulative % Total % of variance Cumulative % 
1 6.698 25.760 25.760 6.698 25.760 25.760 
2 3.116 11.985 37.745 3.116 11.985 37.745 3 1.879 7.227 44.972 1.879 7.227 44.972 4 1.435 5.518 50.490 1.435 5.518 50.490 5 1.341 5.159 55.649 1.341 5.159 55.649 
6 1.163 4.475 60.124 1.163 4.475 60.124 7 1.152 4.429 64.553 1.152 4.429 64.553 
8 .989 3.802 68.355    9 .853 3.281 71.636    10 .791 3.043 74.679    11 .747 2.875 77.554    
12 .709 2.727 80.280    13 .673 2.587 82.867    14 .650 2.500 85.367    
15 .551 2.120 87.487    16 .477 1.836 89.323    17 .420 1.613 90.936    
18 .377 1.450 92.386    19 .350 1.347 93.733    20 .337 1.296 95.029    21 .300 1.153 96.181    22 .270 1.037 97.219    
23 .210 .809 98.027    
24 .197 .759 98.786    25 .180 .692 99.478    26 .136 .522 100.000     
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Table 4.11 Cluster matrix after oblimin rotation for KPAs 
 Component 
1 2 3 4 5 6 7 
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4.3.3.2 Seven most important attributes 
 
The seven most important attributes influencing client decision-making on HVAC retrofits 
identified by factor analysis in Table 4.12 are as follows: 
Cluster 1 includes seven variables: the performance of existing HVAC system (A9), 
improving user’s comfort (B1), meeting the client’s/occupant’s demand (B2), contribution 
to sustainable city (B7), lower energy consumption and lower carbon emissions (C1), 
reduced pollution related to fuel consumption (C2), implementation of new energy 
reduction initiatives such as EPC (D4). Therefore, cluster 1 is “achieving overall 
sustainability target”. 
Cluster 2 contains higher rental income (A4), reduced vacancy rates (A6), increased 
market value of the building (A7), and improved corporate image (B6). These KPAs 
concern “improved building value and corporate image”. 
Cluster 3 covers only two items: low operating & maintenance cost (A1) and short pay-
back period (A5).  It can be labeled “low operating & maintenance cost and short pay-back 
period”. 
Cluster 4 refers to “improved workplace environment”, including reducing contamination 
and odour emissions (C3), improved thermal comfort (C4), improved air quality (C5), and 
reduced noise level (C6), 
Cluster 5 has a high positive loading for low life cost (A2) and low capital investment on 
HVAC retrofits (A3). This cluster is named “low capital investment and low life cycle 
cost”. 
Cluster 6 is “improved building flexibility and user productivity”. It is a combination of 
reduced absenteeism (B3), improved user's work productivity (B4), and improved building 
flexibility (B5). 
Cluster 7 focuses on “availability of policy and regulations guiding HVAC retrofits”. It 
includes availability of renovation policies and political strategies promoting housing 
renovation (D1), incentives and financial support from government (D2), compulsory 
controls, such as performance-related legal regulations, i.e. NABERS, Green Star or 
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Table 4.12 Seven clusters extracted based on factor analysis of KPAs 
New cluster New name Code and Description Original group 
Cluster 1_attribute Achieving overall sustainability target 
A9: the performance of existing HVAC system Economical  
B1: improving user’s comfort Social  
B2: meeting the client’s/occupant’s demand 
B7: contribution to sustainable city 
C1: lower energy consumption and lower carbon emissions Environmental 
C2: reduced pollution related to fuel consumption 
D4: implementation of new energy reduction initiatives such as energy performance contracting 
Police and regulation  
Cluster 2_attribute Improved building value and corporate image 
A4: higher rental income Economical 
A6: reduced vacancy rates 
A7: increased market value of the building 
B6: improved corporate image Social 
Cluster 3_attribute Low operating & maintenance cost and short pay-back period 
A1: low operating & maintenance cost  Economical  
A5: short pay-back period 
Cluster 4_attribute Improved workplace environment 
C3: reducing contamination and odour emissions Environmental 
C4: improved thermal comfort 
C5: improved air quality 
C6: reduced noise level 
Cluster 5_attribute Low capital investment and low life cycle cost 
A2: low life cost Economical 
A3: low capital investment on HVAC retrofits 
Cluster 6_attribute Improved building flexibility and user productivity 
B3: reduced absenteeism Social  
B4: improved user's work productivity 
B5: improved building flexibility 
Cluster 7_attribute Availability of policy and regulations guiding HVAC retrofits 
D1: availability of renovation policies and political strategies promoting housing renovation  
Police and regulation  
D2: incentives and financial support from government 
D3: compulsory controls, such as performance-related legal regulations, i.e. NABERS, Green Star or ABGR environmental rating standards 
A8: the remaining life of existing HVAC system Economical  
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4.3.3.3 Factor analysis: CSFs 
 
In the present research, 29 CSFs were subjected to factor analysis using principal 
component analysis and oblimin rotation. The first stage of the factor analysis was to 
determine the strength of the relationship among the variables, namely, the 29 identified 
CSFs, measured by the correlation coefficients of each pair of variables. The correlation 
coefficients presented in Table 4.13 show that the CSFs share common factors. In Table 
4.14, the KMO and Bartlett’s test of sphericity is 2010.683 and the associated significance 
level is 0.000, suggesting that the population correlation matrix is not an identity matrix. 
The value of the KMO measure of sampling accuracy is 0.842, which is higher than 0.5 
and hence is considered acceptable. The results of these tests show that the sample data are 
appropriate for factor analysis. Eight clusters with eigenvalues greater than 1 were 
extracted. Table 4.15 shows the final statistics for the principal component analysis, and 
the clusters extracted account for 67.481% of the variance. Table 4.16 lists the cluster 
matrix after oblimin rotation. 
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Table 4.13 Correlation matrix of CSFs 
  E4 E8 F1 F2 F3 F4 F6 F15 G1 G2 G3 G4 G5 G6 G7 G9 G10 H1 H2 H3 H4 H5 H6 H7 I6 I7 I8 I9 I10 E4 1.00                             E8 .249 1.00                            F1 .335 .374 1.00                           F2 .103 .202 .302 1.00                          F3 .399 .446 .272 .098 1.00                         F4 .247 .413 .193 .193 .518 1.00                        F6 .323 .259 .182 .143 .249 .332 1.00                       F15 .078 .300 .370 .233 .250 .218 .164 1.00                      G1 .281 .284 .245 .346 .203 .264 .188 .354 1.00                     G2 .357 .242 .292 .370 .397 .216 .233 .250 .556 1.00                    G3 .406 .274 .316 .254 .384 .282 .371 .316 .407 .642 1.00                   G4 .280 .328 .290 .070 .278 .180 .335 .268 .328 .357 .373 1.00                  G5 .295 .398 .173 .173 .280 .241 .208 .386 .304 .287 .302 .409 1.00                 G6 .207 .444 .335 .363 .431 .384 .095 .474 .338 .384 .432 .208 .385 1.00                G7 .262 .431 .230 .338 .345 .267 .315 .478 .473 .429 .459 .366 .534 .645 1.00               G9 .245 .446 .308 .203 .322 .247 .238 .378 .472 .358 .295 .449 .417 .377 .468 1.00              G10 .232 .430 .216 .280 .209 .355 .320 .329 .478 .352 .305 .405 .415 .343 .579 .533 1.00             H1 .344 .423 .231 .333 .305 .146 .213 .224 .523 .477 .294 .395 .229 .303 .423 .430 .465 1.00            H2 .396 .353 .282 .383 .232 .227 .238 .272 .368 .381 .343 .172 .282 .374 .451 .349 .537 .525 1.00           H3 .396 .204 .337 .337 .315 .251 .215 .296 .392 .404 .492 .267 .191 .345 .226 .215 .182 .344 .381 1.00          H4 .390 .249 .372 .270 .249 .144 .430 .158 .356 .356 .432 .313 .243 .255 .372 .320 .417 .452 .461 .410 1.00         H5 .349 .418 .257 .162 .370 .281 .301 .376 .272 .346 .361 .235 .380 .423 .557 .373 .477 .369 .466 .324 .426 1.00        H6 .261 .411 .268 .224 .345 .229 .343 .414 .307 .464 .428 .291 .371 .482 .563 .352 .390 .291 .444 .238 .407 .672 1.00       H7 .152 .084 .177 .347 .195 .103 .224 .295 .222 .278 .194 .245 .150 .246 .265 .220 .309 .357 .358 .148 .365 .291 .409 1.00      I6 .201 .111 .302 .096 .238 .296 .255 .145 .107 .148 .295 .221 .100 .209 .070 .157 .168 .119 .069 .314 .261 .129 .109 .197 1.00     I7 .140 .021 .054 .082 .098 .188 .331 .082 .165 .262 .222 .279 .182 .098 .081 .200 .125 .181 .010 .192 .260 .081 .267 .264 .439 1.00    I8 .196 .163 .031 .165 .092 .161 .212 .169 .362 .373 .443 .205 .220 .099 .150 .189 .271 .187 .260 .295 .197 .214 .258 .236 .275 .355 1.00   I9 .253 .154 .230 .215 .154 .299 .089 .243 .366 .257 .281 .198 .118 .163 .192 .347 .423 .174 .338 .353 .232 .319 .290 .323 .369 .290 .528 1.00  I10 .224 .237 .185 .270 .197 .132 .082 .356 .344 .393 .375 .147 .179 .328 .381 .188 .354 .274 .334 .368 .283 .426 .401 .241 .303 .209 .519 .553 1.00 
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Table 4.14 KMO and Bartlett's test for CSFs 
KMO measure of sampling adequacy. .842 
Bartlett's test of sphericity Approx. chi-square 2010.683 Df 406 
Sig. .000  
Table 4.15 Principal component analysis for CSFs 
Component Initial eigenvalues Extraction sums of squared loadings 
Total % of variance Cumulative % Total % of variance Cumulative % 
1 9.448 32.580 32.580 9.448 32.580 32.580 2 2.092 7.214 39.794 2.092 7.214 39.794 3 1.680 5.792 45.586 1.680 5.792 45.586 4 1.439 4.963 50.550 1.439 4.963 50.550 5 1.408 4.854 55.404 1.408 4.854 55.404 6 1.204 4.150 59.554 1.204 4.150 59.554 7 1.177 4.057 63.611 1.177 4.057 63.611 8 1.122 3.869 67.481 1.122 3.869 67.481 9 .987 3.404 70.885    10 .830 2.861 73.746    11 .708 2.443 76.188    12 .693 2.390 78.578    13 .649 2.240 80.818    14 .618 2.132 82.950    15 .591 2.039 84.989    16 .512 1.767 86.756    17 .477 1.644 88.400    18 .451 1.556 89.956    19 .439 1.515 91.471    20 .390 1.344 92.816    21 .380 1.311 94.127    22 .276 .952 95.079    23 .250 .860 95.939    24 .247 .851 96.790    25 .231 .795 97.585    26 .219 .755 98.340    27 .179 .618 98.958    28 .157 .542 99.501    29 .145 .499 100.000    
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Table 4.16 Cluster matrix after oblimin rotation for CSFs 
 Component 
1 2 3 4 5 6 7 8 
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4.3.3.4 Eight most important factors  
 
The eight most important factors affecting HVAC retrofits, identified by factor analysis in 
Table 4.17, are described as follows: 
Cluster 1 includes six variables: skills in resolving problems (G9), level of trust in the 
project team, effectiveness of project team coordination (G10), project team cohesiveness 
(G1), effectiveness of working relationship between client and HVAC designer (G5), and 
clarity of project scope (H1). Therefore, cluster 1 is “general project organization skills 
and teamwork”. 
Cluster 2 is “control flexibility and system integration of retrofitted HVAC”. It is a 
combination of control flexibility of the selected HVAC retrofitting technologies (I8), 
compatibility with other building systems of the selected HVAC retrofitting technologies 
(I9), and integration in building automation systems of the selected HVAC retrofitting 
technologies (10).  
Cluster 3 refers to “stakeholders’ knowledge and financial capability”, including 
familiarity with new HVAC technology design-related policies and regulations (F3), 
familiarity with new HVAC technology construction-related work (F4), and financial 
resources capability (E8). 
Cluster 4 has a high positive loading for understanding of the HVAC's current state, 
including problems and limitations (H4), clarity of client's objectives and requirements 
(H2), willingness to use new HVAC technologies for green outcomes (E4), and skilled 
leadership in organizing HVAC retrofitting projects (F15). It can be labelled “team 
preparedness for green HVAC retrofits”. 
Cluster 5 consists of life span of the selected HVAC retrofitting technologies (I6), ability 
to further upgrade the selected HVAC retrofitting technologies (I7), and experience of 
using new HVAC technologies (F6). This cluster is named “contractors’ & designers’ 
experience in HVAC retrofits with new technologies”.  
Cluster 6 contains clarity of HVAC performance assessment and diagnostics (H5), 
appropriateness of retrofitting solutions (H6), completeness of documentation (H7), 
effectiveness of working relationship between client and the HVAC contractor (G6), and 
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effectiveness of teamwork and communication between the HVAC designer and the 
HVAC contractor (G7). Those CSFs concern “HVAC retrofit-focused documentation and 
relationship management”. 
Cluster 7 includes only two items: availability of personnel resources (F1) and 
commitment to on-time and on-budget project delivery (F2).  It can be labeled “contractors 
& designers’ sufficient resources for on-time and on-budget project delivery”. 
Cluster 8 focuses on the “stakeholder’s commitment to project goals”. It includes 
commitment of the HVAC designer to achieve project goals and objectives (G2), 
commitment of the HVAC contractor to achieve project goals and objectives (G3), and 
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Table 4.17 Eight clusters extracted based on factor analysis for CSFs 
New cluster New name Code and Description Original group  Cluster 1_factor General project organization skills and teamwork 
G9: skills in resolving problems Project team management-related factors G4: level of trust in the project team G10: effectiveness of project team coordination G1: project team cohesiveness G5: effectiveness of working relationship between client and HVAC designer H1: clarity of project scope Retrofit plan-related factors Cluster 2 _factor Control flexibility and system integration of retrofitted HVAC 
I8: combination of control flexibility of the selected HVAC retrofitting technologies HVAC technology-related factors I9: compatibility with other building systems of the selected HVAC retrofitting technologies I10: integration in building automation systems of the selected HVAC retrofitting technologies Cluster 3_factor Stakeholders’ knowledge and financial capability 
F3: familiarity with new HVAC technology design-related policies and regulations HVAC contractors’ and HVAC technicians’ characteristics  F4: familiarity with new HVAC technology construction-related work E8: financial resources capability Clients’ characteristics Cluster 4_factor Team preparedness for green HVAC retrofits 
H4: understanding of the HVAC's current state, including problems and limitations Retrofit plan-related factors H2: clarity of client's objectives and requirements E4: willingness to use new HVAC technologies for green outcomes Clients’ characteristics F15: skilled leadership in organizing HVAC retrofitting projects HVAC contractors’ and HVAC technicians’ characteristics Cluster 5_factor Contractors’ & designers’ experience in HVAC retrofits with new technologies 
I7: life span of the selected HVAC retrofitting technologies HVAC technology-related factors I6: ability to further upgrade the selected HVAC retrofitting technologies F6: experience of using new HVAC technologies HVAC contractors’ and HVAC technicians’ characteristics Cluster 6_factor HVAC retrofit-focused documentation and relationship management 
H5: clarity of HVAC performance assessment and diagnostics Retrofit plan-related factors 
H6: appropriateness of retrofitting solutions H7: completeness of documentation G6: effectiveness of working relationship between client and the HVAC contractor Project team management-related factors G7: effectiveness of teamwork and communication between the HVAC designer and the HVAC contractor Cluster 7_factor Contractors’ & designers’ sufficient resources for on-time and on-budget project delivery 
F1: availability of personnel resources  HVAC contractors’ and HVAC technicians’ characteristics F2: commitment to on-time and on-budget project delivery 
Cluster 8_factor Stakeholders’ commitment to project goals 
G2: commitment of the HVAC designer to achieve project goals and objectives  Project team management-related factors G3: commitment of the HVAC contractor to achieve project goals and objectives H3: effectiveness of HVAC retrofit programming Retrofit plan-related factors 
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4.3.4 Identification of differences between targeted groups 
 
In many research situations, factor analysis is used to reduce a larger number of items from 
a questionnaire or survey instrument to a smaller number of clusters. Once factor analysis 
has been used to identify the number of clusters underlying a data set, the researchers may 
wish to use the information about the clusters in subsequent analyses (Gorsuch, 1983). For 
example, researchers may want to identify an individual’s placement or ranking on the 
clusters, use the information with hypothesis tests to determine how cluster scores differ 
between groups, or to incorporate cluster information as part of a regression or predictive 
analysis. To use factor analysis information in follow-up studies, the researcher must 
create scores to represent each individual’s placement on the clusters identified from the 
factor analysis. These scores, named ‘factor scores’, are scores of each cluster on each 
factor (Gorsuch, 1983). To compute the factor score for a given cluster for a given factor, 
one takes the cluster's standardized score on each variable, multiplies by the corresponding 
loadings of the variable for the given factor, and sums these products (Gorsuch, 1983). 
These factor scores may then be used as variables in subsequent modeling to investigate 
the research questions of interest. In the present research, factor scores were adopted to 
simplify the next stage of the analysis, which compares clusters between different 
stakeholders.  
Before conducting further analysis, the test of homogeneity of variance should be 
performed. Levene’s test of homogeneity of variances tests whether or not the variances 
between the groups are the same. If the significance (Sig.) level is greater than 0.05, the 
variances are considered equal and the ANOVA can be used (Pallant, 2007). Otherwise, 
the variances are considered significantly different and the ANOVA test should not be 
used. When the variances are unequal, Tamhane’s T2 (conservative pairwise comparisons 
test based on a t-test) and Dunnett’s T3 (pairwise comparison test based on the Studentized 
maximum modulus) are usually used in comparison tests between groups (Norusis, 2009). 
All the analysis techniques described above are used in this section to identify the 
differences between (1) different stakeholders regarding the important attributes; (2) 
different stakeholders regarding the important factors. 
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4.3.4.1 Analysis of important attributes between different stakeholders 
 
The test of homogeneity of variance was performed first. In Table 4.18, the Sig. values of 
the cluster 1_attribute, the cluster 3_attribute and the cluster 7_attribute are less than 0.05, 
which indicates the variances are significantly different. Therefore, Tamhane’s T2 and 
Dunnett’s T3 were conducted in multiple comparisons (Table 4.19 and Table 4.20). If the 
Sig. value in Table 4.19 and Table 4.20 is less than or equal to 0.05, there is a significant 
difference somewhere among the mean scores in the dependent variable for the three 
groups. The results of multiple comparisons in Table 4.19 and Table 4.20 show that there 
are no significantly different opinions among clients, contractors and designers. In other 
words, there is consensus on the ranking of the importance of the seven important 
attributes among the various participants. 
 
Table 4.18 Test of Homogeneity of Variances of Cluster_attributes 
Dependent Variable Levene statistic df1 df2 Sig. 
Cluster 1_attribute  3.860 2 141 .023 
Cluster 2_attribute  .926 2 141 .399 
Cluster 3_attribute  3.524 2 141 .032 
Cluster 4_attribute  .184 2 141 .832 
Cluster 5_attribute  1.851 2 141 .161 
Cluster 6_attribute  .079 2 141 .924 
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Table 4.19 Multiple comparisons (Tamhane test) 
Dependent variable (I) Position  (J) Position Mean difference (I-J) 
Std. error Sig. 95% Confidence interval Lower bound Upper bound 
Cluster 1_attribute Clients Contractors -.00160853 .40489161 1.000 -1.0466055 1.0433884 Designers -.17605082 .37614611 .956 -1.1718623 .8197606 Contractors Clients .00160853 .40489161 1.000 -1.0433884 1.0466055 Designers -.17444229 .19857316 .766 -.6633869 .3145023 Designers Clients .17605082 .37614611 .956 -.8197606 1.1718623 Contractors .17444229 .19857316 .766 -.3145023 .6633869 Cluster 2_attribute Clients Contractors -.29686262 .27402009 .635 -.9818950 .3881697 Designers -.33469321 .23123769 .410 -.9293881 .2600017 Contractors Clients .29686262 .27402009 .635 -.3881697 .9818950 Designers -.03783059 .20786777 .997 -.5484841 .4728229 Designers Clients .33469321 .23123769 .410 -.2600017 .9293881 Contractors .03783059 .20786777 .997 -.4728229 .5484841 Cluster 3_attribute Clients Contractors .28547429 .36831499 .830 -.6571914 1.2281400 Designers -.08536207 .33464018 .992 -.9676004 .7968763 Contractors Clients -.28547429 .36831499 .830 -1.2281400 .6571914 Designers -.37083636 .20319897 .205 -.8712391 .1295664 Designers Clients .08536207 .33464018 .992 -.7968763 .9676004 Contractors .37083636 .20319897 .205 -.1295664 .8712391 Cluster 4_attribute Clients Contractors .16163042 .24522190 .885 -.4515328 .7747936 Designers .18789719 .21555933 .774 -.3607811 .7365755 Contractors Clients -.16163042 .24522190 .885 -.7747936 .4515328 Designers .02626677 .19487144 .999 -.4504703 .5030039 Designers Clients -.18789719 .21555933 .774 -.7365755 .3607811 Contractors -.02626677 .19487144 .999 -.5030039 .4504703 Cluster 5_attribute Clients Contractors .04712229 .35720753 .999 -.8706469 .9648915 Designers -.06384314 .33188508 .997 -.9364410 .8087547 Contractors Clients -.04712229 .35720753 .999 -.9648915 .8706469 Designers -.11096543 .19369717 .920 -.5862801 .3643493 Designers Clients .06384314 .33188508 .997 -.8087547 .9364410 Contractors .11096543 .19369717 .920 -.3643493 .5862801 Cluster 6_attribute Clients Contractors -.06196541 .29978879 .996 -.8227012 .6987704 Designers .16388884 .27226926 .911 -.5433812 .8711588 Contractors Clients .06196541 .29978879 .996 -.6987704 .8227012 Designers .22585425 .19460223 .578 -.2509738 .7026824 Designers Clients -.16388884 .27226926 .911 -.8711588 .5433812 Contractors -.22585425 .19460223 .578 -.7026824 .2509738 Cluster 7_attribute Clients Contractors -.86003840 .45651306 .211 -2.0613393 .3412625 Designers -.71291013 .44478344 .337 -1.8959779 .4701577 Contractors Clients .86003840 .45651306 .211 -.3412625 2.0613393 Designers .14712827 .16196811 .746 -.2495913 .5438479 Designers Clients .71291013 .44478344 .337 -.4701577 1.8959779 Contractors -.14712827 .16196811 .746 -.5438479 .2495913  
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Table 4.20 Multiple comparisons (Dunnett T3 test)  
Dependent variable (I) Position  (J) Position Mean difference (I-J) 
Std. error Sig. 95% Confidence interval Lower bound Upper bound 
Cluster 1_attribute Clients Contractors -.00160853 .40489161 1.000 -1.0429140 1.0396970 Designers -.17605082 .37614611 .952 -1.1667980 .8146964 Contractors Clients .00160853 .40489161 1.000 -1.0396970 1.0429140 Designers -.17444229 .19857316 .762 -.6628131 .3139285 Designers Clients .17605082 .37614611 .952 -.8146964 1.1667980 Contractors .17444229 .19857316 .762 -.3139285 .6628131 Cluster 2_attribute Clients Contractors -.29686262 .27402009 .629 -.9806207 .3868955 Designers -.33469321 .23123769 .400 -.9274071 .2580207 Contractors Clients .29686262 .27402009 .629 -.3868955 .9806207 Designers -.03783059 .20786777 .997 -.5479349 .4722737 Designers Clients .33469321 .23123769 .400 -.2580207 .9274071 Contractors .03783059 .20786777 .997 -.4722737 .5479349 Cluster 3_attribute Clients Contractors .28547429 .36831499 .823 -.6543038 1.2252524 Designers -.08536207 .33464018 .992 -.9633502 .7926261 Contractors Clients -.28547429 .36831499 .823 -1.2252524 .6543038 Designers -.37083636 .20319897 .202 -.8706489 .1289762 Designers Clients .08536207 .33464018 .992 -.7926261 .9633502 Contractors .37083636 .20319897 .202 -.1289762 .8706489 Cluster 4_attribute Clients Contractors .16163042 .24522190 .882 -.4503863 .7736472 Designers .18789719 .21555933 .767 -.3592631 .7350574 Contractors Clients -.16163042 .24522190 .882 -.7736472 .4503863 Designers .02626677 .19487144 .999 -.4500401 .5025736 Designers Clients -.18789719 .21555933 .767 -.7350574 .3592631 Contractors -.02626677 .19487144 .999 -.5025736 .4500401 Cluster 5_attribute Clients Contractors .04712229 .35720753 .999 -.8676397 .9618843 Designers -.06384314 .33188508 .996 -.9323873 .8047010 Contractors Clients -.04712229 .35720753 .999 -.9618843 .8676397 Designers -.11096543 .19369717 .918 -.5857910 .3638602 Designers Clients .06384314 .33188508 .996 -.8047010 .9323873 Contractors .11096543 .19369717 .918 -.3638602 .5857910 Cluster 6_attribute Clients Contractors -.06196541 .29978879 .996 -.8207193 .6967884 Designers .16388884 .27226926 .906 -.5406161 .8683938 Contractors Clients .06196541 .29978879 .996 -.6967884 .8207193 Designers .22585425 .19460223 .574 -.2505126 .7022212 Designers Clients -.16388884 .27226926 .906 -.8683938 .5406161 Contractors -.22585425 .19460223 .574 -.7022212 .2505126 Cluster 7_attribute Clients Contractors -.86003840 .45651306 .204 -2.0556938 .3356170 Designers -.71291013 .44478344 .326 -1.8895972 .4637769 Contractors Clients .86003840 .45651306 .204 -.3356170 2.0556938 Designers .14712827 .16196811 .743 -.2492136 .5434702 Designers Clients .71291013 .44478344 .326 -.4637769 1.8895972 Contractors -.14712827 .16196811 .743 -.5434702 .2492136  
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4.3.4.2 Analysis of important factors between different stakeholders 
 
In Table 4.21, the Sig. value of each cluster is greater than 0.05, which indicates the results 
do not violate the homogeneity of variance assumption and ANOVA can be used.  
 
Table 4.21 Test of homogeneity of variances 
Dependent variable Levene statistic df1 df2 Sig. 
Cluster 1_factor 1.038 2 141 .357 Cluster 2_factor .871 2 141 .421 Cluster 3_factor .452 2 141 .637 
Cluster 4_factor 1.003 2 141 .369 Cluster 5_factor .093 2 141 .912 Cluster 6_factor .509 2 141 .602 Cluster 7_factor 1.918 2 141 .151 
Cluster 8_factor .482 2 141 .619 
 
Table 4.22 gives both the between-groups and within-groups sums of squares and degrees 
of freedom. If the Sig. value is less than or equal to 0.05, there is a significant difference 
somewhere among the mean scores on the dependent variable for the three groups. Table 
4.22 indicates that three targeted groups of participants show difference opinions on cluster 
1_factor and cluster 5_factor. However, it does not show which group is different from 
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Table 4.22 ANOVA 
Dependent variable Sum of squares df Mean square F Sig. Cluster 1_factor Between groups 8.380 2 4.190 4.389 .014 Within groups 134.620 141 .955     Total 143.000 143       Cluster 2_factor Between groups .222 2 .111 .110 .896 Within groups 142.778 141 1.013     Total 143.000 143       Cluster 3_factor Between groups 4.445 2 2.223 2.262 .108 Within groups 138.555 141 .983     Total 143.000 143       Cluster 4_factor Between groups 1.185 2 .593 .589 .556 Within groups 141.815 141 1.006     Total 143.000 143       Cluster 5_factor Between groups 6.169 2 3.085 3.179 .045 Within groups 136.831 141 .970     Total 143.000 143       Cluster6_factor Between groups 5.290 2 2.645 2.708 .070 Within groups 137.710 141 .977     Total 143.000 143       Cluster 7_factor Between groups 2.061 2 1.030 1.031 .359 Within groups 140.939 141 1.000     Total 143.000 143       Cluster 8_factor Between groups 1.235 2 .617 .614 .543 Within groups 141.765 141 1.005     Total 143.000 143        
The statistical significance of the differences between each pair of groups is provided in 
Table 4.23 labelled multiple comparisons, which gives the results of the post-hoc tests. 
Table 4.23 only shows the significant difference found in overall ANOVA, i.e. , if the Sig. 
value was equal to or less than .05. The post-hoc tests in this table show exactly where the 
differences among the groups occur. The results are shown in the column labelled Mean 
difference in Table 4.23. If there is an asterisk (*) next to the values listed, this means that 
the two groups being compared are significantly different from one another at the p<.05 
level. The exact significance value is given in the column labelled Sig. In the results 
presented in Table 4.23, clients and contractors are statistically significantly different from 
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Table 4.23 Multiple comparisons (Post-hoc Tukey’s tests) 
Dependent variable Mean difference Std. error Sig. 95% Confidence interval Lower bound Upper bound Cluster 1_factor Clients Contractors -.85928628
* .29358600 .011 -1.5547103 -.1638622 Designers -.51704932 .26466888 .128 -1.1439767 .1098781 Contractors Clients .85928628* .29358600 .011 .1638622 1.5547103 Designers .34223696 .19208999 .179 -.1127711 .7972450 Designers Clients .51704932 .26466888 .128 -.1098781 1.1439767 Contractors -.34223696 .19208999 .179 -.7972450 .1127711 Cluster 5_factor Clients Contractors .73624605
* .29598700 .037 .0351347 1.4373574 Designers .43924121 .26683339 .230 -.1928133 1.0712957 Contractors Clients -.73624605* .29598700 .037 -1.4373574 -.0351347 Designers -.29700483 .19366094 .278 -.7557340 .1617244 Designers Clients -.43924121 .26683339 .230 -1.0712957 .1928133 Contractors .29700483 .19366094 .278 -.1617244 .7557340  
 
The results of mean plots are illustrated in Figure 4.6 and Figure 4.7. It can be identified 
that the contractors recorded the highest scores with the clients recording the lowest 
regarding Cluster 1. For Cluster 5, the clients recorded the highest scores while the 
contractors recorded the lowest.  
 
 
Figure 4.6 Mean score plots of Cluster 1_factor 
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Figure 4.7 Mean score plots of Cluster 5_factor 
 
 
4.4 The relationships between attributes and factors in HVAC retrofits 
 
The aim of this section is to explore the relationships between the important attributes and 
the important factors which were identified in Section 4.3. In order to achieve this aim, 
two statistical techniques were employed consecutively. First, a multiple regression was 
applied to define the nature and character of the connections between the attributes and the 
factors, which are presented in Section 4.4.1. Then, based on the results obtained from 
regression analysis, a correlation analysis was carried out to describe the strength and 
intensity of the relationships between the attributes and the factors, which are presented in 
Section 4.4.2. The results achieved objective 4. 
 
4.4.1 Regression analysis  
 
Multiple regression analysis is appropriate for this research because it is the most widely-
used and versatile dependence technique to explore the relationship between a single 
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dependent variable and several independent variables, and to provide both prediction and 
explanation to researchers. 
 
4.4.1.1 Design of the regression analysis  
 
Multivariate linear regression was applied to define the nature and character of the 
connections between the variables. The seven important attributes were loaded separately 
in the regression model as dependent variables and the eight important factors were loaded 
separately as independent variables. The dependent and independent variables included in 
each regression procedure are listed in Table 4.24.  
Table 4.24 Dependent and independent variables in the regression analysis  
Model Dependent variable  Independent variables 
Model 1 Attribute_1: Achieving overall sustainability target Factor_1: General project organization skills and teamwork; 
Factor_2: Control flexibility and system integration of retrofitted HVAC; 
Factor_3: Stakeholders’ knowledge and financial capability; 
Factor_4: Team preparedness for green HVAC retrofits; 
Factor_5: Contractors’ & designers’ experience in HVAC retrofits with new technologies; 
Factor_6: HVAC retrofit-focused documentation and relationship management; 
Factor_7: Contractors’ & designers’ sufficient resources for on-time and on-budget project delivery; and Factor_8: Stakeholders’ commitment to project goals. 
Model 2 Attribute_2: Improved building value and corporate image 
Model 3 Attribute_3: Low operating & maintenance cost and short pay-back period 
Model 4 Attribute_4: Improved workplace environment 
Model 5 Attribute_5: Low capital investment and low life-cycle cost 
Model 6 Attribute_6: Improved building flexibility and user productivity 
Model 7 Attribute_7: Availability of policy and regulation guiding HVAC retrofit 
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Seven models were generated.  The dependent and independent variables included in each 
regression procedure are listed in Table 4.24 above. According to Tabachnick and Fidell 
(2007), the recommended sample size for multiple regression analysis is N > 50+8×m 
(where m = number of independent variables). The survey conducted in this research 
obtained 144 effective responses, resulting in 144 observations available for analysis. The 
sample of 144 observations satisfies the minimum sample size requirement (144 > 
50+8×8=114). The seven models were computed automatically by running the SPSS 21.0 
program. 
 
4.4.1.2 Results of the regression analysis  
 
 Attribute_1 as the dependent variable  
As shown in Table 4.24, Attribute_1 was selected as the dependent variable in the first 
regression model. The regression model summary is presented in Table 4.25, which gives 
basic information about the goodness of fit of the regression model. The R square is 0.469, 
which means that 46.9% of the variation in the dependent variable is explained by the set 
of independent variables in the regression. The value of the R square can vary between 0 
and 1. The higher the value of R square, the greater the explanatory power of the 
regression model. When a small sample is involved, the R square value in the sample tends 
to be a rather optimistic overestimation of the true value in the population. The adjusted R 
square statistic corrects this value to provide a better estimation of the true population 
value. In general, the result is reasonable. 
 Table 4.25 Regression model summary (Attribute_1 as the dependent variable) 
R R square Adjusted R square Std. error of the estimate 
.685 .469 .467 4.27   Table 4.26 illustrates the ANOVA test result. This tests the null hypothesis that multiple R 
in the population equals 0. The model in Table 4.26 reaches statistical significance (Sig. 
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=.000; this really means p < 0.0005). It is confirmed that there is a linear relationship 
between the variables in the regression model.  
  Table 4.26 ANOVA (Attribute_1 as the dependent variable) 
 Sum of squares df Mean square F Sig. Regression 7.385 8 .923 .919 0.000 Residual 135.615 135 1.005   Total 143.000 143    
  Attribute_2 as the dependent variable  
Attribute_2 was selected as the dependent variable in the second regression model. The R 
square in Table 4.27 shows that 61.6% of the variation in the dependent variable is 
explained by the set of independent variables in the regression. The results confirm the 
great explanatory power of the regression model. The ANOVA test shown in Table 4.28 
reaches statistical significance (Sig. =.000; this really means p < 0.0005). This indicates 
that there is a linear relationship between the variables in the regression model.  
 
Table 4.27 Regression model summary (Attribute_2 as the dependent variable) 
R R square Adjusted R square Std. error of the estimate 
.785 .616 .607 5.69  
Table 4.28 ANOVA (Attribute_2 as the dependent variable) 
 Sum of squares df Mean square F Sig. 
Regression 11.121 8 1.390 1.423 0.000 
Residual 131.879 135 .977   
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 Attribute_3 as the dependent variable  
 Attribute_3 was selected as the dependent variable in the third regression model. The R 
square in Table 4.29 shows that 31.5% of the variation in the dependent variable is 
explained by the set of independent variables in the regression. The results confirm the 
great explanatory power of the regression model. The ANOVA test shown in Table 4.30 
reaches statistical significance (Sig. =.000; this really means p < 0.0005), indicating that 
there is a linear relationship between the variables in the regression model.  
 Table 4.29 Regression model summary (Attribute_3 as the dependent variable) 
R R square Adjusted R square Std. error of the estimate .561 .315 .300 4.26    Table 4.30 ANOVA (Attribute_3 as the dependent variable) 
 Sum of squares df Mean square F Sig. Regression 11.743 8 1.468 1.510 0.000 Residual 131.257 135 .972   Total 143.000 143     
   Attribute_4 as the dependent variable  
 Attribute_4 was selected as the dependent variable in the fourth regression model. The R 
square in Table 4.31 shows that 30.5% of the variation in the dependent variable is 
explained by the set of independent variables in the regression. The results confirm the 
great explanatory power of the regression model. The ANOVA test shown in Table 4.32 
reaches statistical significance (Sig. =.000; this really means p < 0.0005). This indicates 
that there is a linear relationship between the variables in the regression model.  
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Table 4.31 Regression model summary (Attribute_4 as the dependent variable) 
R R square Adjusted R square Std. error of the estimate .552 .305 .274 4.52    Table 4.32 ANOVA (Attribute_4 as the dependent variable) 
 Sum of squares df Mean square F Sig. 
Regression 12.812 8 1.602 1.661 0.000 
Residual 130.188 135 .964   
Total 143.000 143    
 
  Attribute_5 as the dependent variable  
Attribute_5 was selected as the dependent variable in the fifth regression model. R square 
in Table 4.33 shows that 47.9% of the variation in the dependent variable is explained by 
the set of independent variables in the regression. The results confirm the great 
explanatory power of the regression model. The ANOVA test shown in Table 4.34 reaches 
statistical significance (Sig. =.000; this really means p < 0.0005). This indicates that there 
is a linear relationship between the variables in the regression model.  
 Table 4.33 Regression model summary (Attribute_5 as the dependent variable) 
R R square Adjusted R square Std. error of the estimate .692 .479 .467 2.33 
 
Table 4.34 ANOVA (Attribute_5 as the dependent variable) 
 Sum of squares df Mean square F Sig. 
Regression 4.033 8 .504 .490 0.000 
Residual 138.967 135 1.029   
Total 143.000 143    
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  Attribute_6 as the dependent variable  
 Attribute_6 was selected as the dependent variable in the sixth regression model. The R 
square in Table 4.35 shows that 57.3% of the variation in the dependent variable is 
explained by the set of independent variables in the regression. The results confirm the 
great explanatory power of the regression model. The ANOVA test shown in Table 4.36 
reaches statistical significance (Sig. =.000; this really means p < 0.0005). This indicates 
that there is a linear relationship between the variables in the regression model.  
 Table 4.35 Regression model summary (Attribute_6 as the dependent variable) 
R R square Adjusted R square Std. error of the estimate .757 .573 .552 2.91   Table 4.36 ANOVA (Attribute_6 as the dependent variable) 
 Sum of squares df Mean square F Sig. 
Regression 3.694 8 .462 .447 0.000 
Residual 139.306 135 1.032   
Total 143.000 143    
     Attribute_7 as the dependent variable  
 Attribute_7 was selected as the dependent variable in the seventh regression model. The R 
square in Table 4.37 shows that 45.2% of the variation in the dependent variable is 
explained by the set of independent variables in the regression. The results confirm the 
great explanatory power of the regression model. The ANOVA test shown in Table 4.38 
reaches statistical significance (Sig. =.000; this really means p < 0.0005). This indicates 
that there is a linear relationship between the variables in the regression model.  
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 Table 4.37 Regression model summary (Attribute_7 as the dependent variable) 
R R square Adjusted R square Std. error of the estimate .672 .452 .433 2.47   Table 4.38 ANOVA (Attribute_7 as the dependent variable)  
 Sum of squares df Mean square F Sig. 
Regression 4.023 8 .503 .489 0.000 
Residual 138.977 135 1.029   
Total 143.000 143    
  
According to the results above, the regression analysis verified the adequacy of the 
regression models and revealed the significant association between the seven important 
attributes and the eight important factors. In other words, there are certain relationships 
between the attributes and the factors. Next, the intensity of the relationships needs to be 
identified to describe how strongly the factors affect the attributes. This will be presented 
in the next section. 
 
 
4.4.2 Correlation analysis 
 
Correlation analysis is widely used to describe the strength and direction of the linear 
relationship between two variables. In SPSS, the Pearson correlation coefficient is used to 
present the relationship between two variables. The values of the correlation coefficient (r) 
are always between -1 and +1. The sign in front indicates whether there is a positive 
correlation or a negative correlation. The size of the absolute value provides an indication 
of the strength of the relationship. A perfect correlation of 1 or -1 indicates that the value 
of one variable can be determined exactly by knowing the value of the other variable. On 
the other hand, a correlation of 0 indicates no relationship between the two variables. 
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According to Cohen (1988), the strength of the relationship between two variables can be 
interpreted by the guidelines shown in Table 4.39. These guidelines apply whether or not 
there is a negative sign in front of the r value. The negative sign refers only to the direction 
of the relationship, not the strength. For example, the strength of correlation of r=.5 and r= 
-.5 is the same. It is only in a different direction. 
Table 4.39 Size of the value of the correlation coefficient 
Strength of the relationship Correlation coefficients Small  r = .10 to .29 Medium r = .30 to .49 Large r = .50 to 1.0  
Based on the results of regression analysis, a correlation analysis was carried out to 
describe the strength and intensity of the relationships between the attributes and factors 
using the SPSS 21.0 program. 56 pairs of variables were analysed and the results are 
shown as follows. 
 
4.4.2.1 Results of the correlation analysis 
 
Tables 4.40 to 4.46 present the values of the correlation coefficients as well as the 
significance level of the t-test. 
Table 4.40 Correlations of factors and Attribute_1  
 Factor_1 Factor_2 Factor_3 Factor_4 Factor_5 Factor_6 Factor_7 Factor_8 
Attribute_1 
Pearson correlation 
.052 -.031 .265* .018 .337* .323* .063 -.080 
Sig. (2-tailed) .538 .712 .021 .829 .023 .012 .454 .340 N 144 144 144 144 144 144 144 144 *. Correlation is significant at the 0.05 level (2-tailed). 
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Table 4.41 Correlations of factors and Attribute_2  
 Factor_1 Factor_2 Factor_3 Factor_4 Factor_5 Factor_6 Factor_7 Factor_8 
Attribute_2 
Pearson Correlation 
.334* .316* .326* -.094 .018 -.037 .086 .029 
Sig. (2-tailed) .044 .021 .015 .263 .828 .656 .308 .728 N 144 144 144 144 144 144 144 144 *. Correlation is significant at the 0.05 level (2-tailed). 
 
Table 4.42 Correlations of factors and Attribute_3  
 Factor_1 Factor_2 Factor_3 Factor_4 Factor_5 Factor_6 Factor_7 Factor_8 
Attribute_3 
Pearson correlation 
.026 .052 .057 .375* -.010 -.062 .347* .082 
Sig. (2-tailed) .760 .532 .494 .040 .908 .463 .022 .327 N 144 144 144 144 144 144 144 144 *. Correlation is significant at the 0.05 level (2-tailed). 
 
Table 4.43 Correlations of factors and Attribute_4 
 Factor_1 Factor_2 Factor_3 Factor_4 Factor_5 Factor_6 Factor_7 Factor_8 
Attribute_4 
Pearson correlation 
.070 .200* .562* -.014 .001 .009 .028 -.091 
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Table 4.44 Correlations of factors and Attribute_5  
 Factor_1 Factor_2 Factor_3 Factor_4 Factor_5 Factor_6 Factor_7 Factor_8 
Attribute_5 
Pearson correlation 
.303* -.091 .002 -.018 .376* -.021 -.038 .321* 
Sig. (2-tailed) .027 .278 .981 .826 .032 .807 .649 .044 N 144 144 144 144 144 144 144 144 *. Correlation is significant at the 0.05 level (2-tailed). 
 
Table 4.45 Correlations of factors and Attribute_6  
 Factor_1 Factor_2 Factor_3 Factor_4 Factor_5 Factor_6 Factor_7 Factor_8 
Attribute_6 
Pearson correlation 
-.027 -.007 -.049 -.036 .068 .048 .100* -.004 
Sig. (2-tailed) .750 .936 .561 .666 .421 .566 .023 .963 N 144 144 144 144 144 144 144 144 *. Correlation is significant at the 0.05 level (2-tailed). 
 
Table 4.46 Correlations of factors and Attribute_7  
 Factor_1 Factor_2 Factor_3 Factor_4 Factor_5 Factor_6 Factor_7 Factor_8 
Attribute_7 
Pearson correlation 
-.035 .017 .241* -.010 -.065 -.041 -.047 -.092 
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4.4.2.2 Determining the strength of the relationship 
 
Following the guidelines presented in Table 4.39, if the value of r is lower than 0.1, it 
indicates that there is no relationship between the variables; if the value of r is between 0.1 
and 0.29, it indicates that there is small relationship between the variables; if the value of r 
is between 0.3 and 0.49, it indicates a medium relationship between the variables; if the 
value of r is more than 0.5, it indicates a large relationship between the identified variables. 
Therefore, the partial correlation analysis summarized in Table 4.47 reveals small, medium 
and large relationships between the attributes and the factors. The significance level (listed 
as Sig.2 tailed) indicates the confidence level of the results obtained (Sig. < 0.05).  
 
Table 4.47 Partial correlations between the attributes and factors 
Independent variables  (Factors) 
 Dependent variables (Attributes) Attribute _1 Attribute _2 Attribute _3 Attribute _4 Attribute _5 Attribute _6 Attribute _7 
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4.5 Chapter summary  
 
In this chapter, the data obtained from the questionnaire were analysed using a series of 
statistical techniques. First, the profiles of respondents were analysed to confirm the 
reliability of the answers collected through the survey. Next, the mean ranking and the t-
test were used to elicit the key or critical items from the nominated list of variables. 26 
KPAs and 29 CSFs were identified based on the results of data analysis. Then, factor 
analysis was conducted to represent the relationships among sets of KPAs or CSFs and 
reduce the number of items into relatively smaller groups. Seven important attributes and 
eight important factors were extracted. Finally, the ANOVA, Tamhane’s T2 and Dunnett’s 
T3 were employed to test whether there were statistically significant differences in the 
importance of the attributes and factors between different stakeholders.  Then, the 
relationships between the important attributes and the important factors were explored. 
Two statistical techniques were employed consecutively. First, multiple regression was 
applied to define the nature and character of the connections between the attributes and the 
factors. Then, based on the results obtained from regression analysis, a correlation analysis 
was carried out to describe the strength and intensity of the relationships between the 
attributes and the factors. A discussion of the results is presented in Chapter 6.
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CHAPTER 5  





5.1 Introduction  
 
As stated in Chapter 3, ANP has been widely applied to a wide range of decision problems 
and there is an extensive literature on its application in solving diverse and sophisticated 
problems. The applications can be roughly grouped into the following areas: selection, 
evaluation, risk assessment, conflict analysis, modelling, budgeting, planning and 
development (Vaidya and Kumar, 2006). In the present study, the assessments involved in 
evaluating the success of HVAC retrofits are of a complex nature, with some aspects 
compounded by the presence of intangible factors. In relation to  the results provided in 
Chapter 4, eight important factors affect the results of HVAC retrofits, and each important 
factor contains certain sub-factors. However, the influences of the important factors and 
sub-factors regarding the results of HVAC retrofits and the strength of the dominance of 
the factors were not addressed in the previous chapter. In order to solve the problem, ANP 
was chosen as an approach that can produce effective solutions. 
This chapter therefore describes the formulation of generic ANP models for the evaluation 
of the success of HVAC retrofitting projects. The hierarchical decision scheme is 
constructed by dividing the problem into decision elements. The hierarchy is comprised of 
the main goal at the top of the hierarchy, the factors in the middle and the sub-factors at the 
bottom. HVAC experts were invited to identify the possible dependencies among elements 
and conduct the pairwise comparisons. Consequently, super-matrices were created. The 
results enabled the prioritization of the factors and the prediction of the level of success 
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HVAC retrofitting projects. Each phase is explained to illustrate the development of the 
ANP model and achieve objective 5. The results are presented and explained in the 
following sections. 
 
5.2 Model development  
 
An ANP model is composed of three levels. The first level includes the goal of the model, 
determined as “the success of HVAC retrofits”. The second level includes the factors to be 
used in the evaluation of the success of HVAC retrofits, which are allocated at the control 
level. The factors of the second level are connected to the goal with a single directional 
arrow. The arrows in the second level represent the interdependencies among the factors.  
The interdependencies among the factors at this level are taken into account and in this 
way the effects of the factors on each other are analysed. Sub-factors related to the factors 
are in the third level of the model, which is named the net level. Factors and sub-factors 
were determined in Chapter 4 and are detailed in Table 5.1. Following the above process, 
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Table 5.1 Factors and sub-factors used in the model 
Factors Sub-factors Cluster 1_factor: General project organization skills and teamwork a1: Skills in resolving problems a2: Level of trust in the project team a3: Effectiveness of project team coordination a4: Project team cohesiveness a5: Effectiveness of working relationship between client and HVAC designer a6: Clarity of project scope Cluster 2_factor: Control flexibility and system integration of retrofitted HVAC 
b1: Control flexibility of the selected HVAC retrofitting technologies b2: Compatibility with other building systems of selected HVAC retrofitting technologies b3: Integration in building automation systems of selected HVAC retrofitting technologies Cluster 3_factor: Stakeholders’ knowledge and financial capability  
c1: Familiarity with new HVAC technology design-related policies and regulations c2: Familiarity with new HVAC technologies construction related work c3: Financial resources capability Cluster 4_factor: Team preparedness for green HVAC retrofits 
d1: Understanding of the HVAC's current state including problems and limitations d2: Clarity of client's objectives and requirements d3: Willingness to use new HVAC technologies for green outcomes d4: Skilled leadership in organizing HVAC retrofitting projects Cluster 5_factor: Contractors’ & designers’ experience in HVAC retrofitting with new technologies 
e1: Ability to further upgrade of the selected HVAC retrofitting technologies e2: Life span of the selected HVAC retrofitting technologies e3: Experience of using new HVAC technologies Cluster 6_factor: HVAC retrofit-focused documentation and relationship management 
f1: Clarity of HVAC performance assessment and diagnostics f2: Accuracy of retrofitting solutions f3: Completeness of documentation f4: Effectiveness of working relationship between client and HVAC contractor f5: Effectiveness of teamwork and communication between  HVAC designer and HVAC contractor Cluster 7_factor: Contractors’ & designers’ sufficient resources for on-time and on-budget project delivery 
g1: Availability of personnel resources 
g2: Commitment to on-time and on-budget project delivery 
Cluster 8_factor: Stakeholders’ commitment to project goals h1: Commitment of the HVAC designer to achieve project goals and objectives h2: Commitment of HVAC contractor to achieve project goals and objectives h3: Effectiveness of HVAC retrofitting programming 
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Figure 5.1 Structure of ANP model
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5.2.1 Identifying dependencies among factors  
 
The results of the aggregation were then coded into a single zero-one matrix of criteria 
against criteria using a binary value of 1 to 0 signify dependence of one sub-factor on 
another, and zero otherwise. A majority condition of 4 out of 7 (4/7) experts’ consensus 
(i.e. 57%) was considered as a minimum requirement for any entry that indicates the 
existence of a direct relationship between any pair of sub-factors. 
Table 5.2 shows all possible connections among all sub-factors, where ܽ௜௝ can take any of 
the following values: 
0 → Indicates no relationship exists based on 7 experts’ consensus; 
0 → Indicates the entries obtained ≤ 4 experts’ consensus; and  
1 → Indicates the entries obtained ≥ 4 experts’ consensus.   
The entries represented by 1s indicate the existence of a direct relationship from sub-factor 
 ݅ to sub-factor ݆, i.e. if ݅ depends on ݆, then ܽ௜௝= 1. For each column of this matrix, a 
pairwise comparison matrix is constructed only for the dependent factors. If a column is all 
zeros, then a zero vector is assigned to represent the priorities. In other words, the sub-
factors in the rows are evaluated with respect to the sub-factors in the columns, i.e. the 1s 
in the columns will determine which sub-factors in the row are to be pairwise compared 
with respect to that column and a pairwise comparison matrix will only be constructed for 
the dependent sub-factors. 
To further explain how these connections are translated into understandable descriptions, 
two examples will be given. Two dependences are shown in Table 5.2: inner dependence 
and outer dependence. The inner dependence shows the connections of sub-factors within 
the same cluster, i.e. in cluster 1, a2, a3, a4, a5 and a6 are interrelated with respect to a1, 
which implies that a2, a3, a4, a5 and a6 are to be pairwise compared with respect to a1. 
These pairwise comparisons are conducted in the same cluster to which a1 belongs. 
Moreover, the outer dependence shows the relationships of sub-factors in different clusters, 
i.e. in cluster 3, c1, c2 and c3 are interrelated with respect to a1, which indicates that c1, c2 
and c3 are to be pairwise compared with respect to a1. These pairwise comparisons are 
conducted in a different cluster to which a1 belongs. 
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Super Decisions was used to construct the network model based on Table 5.2. It uses 
arrows to signify dependence among sub-factors and its direction starts from one sub-
factor to another. Arrows are generated between clusters to represent outer dependence, 
while inner dependence is represented by the loop arrow, shown in Figure 5.2. 
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Table 5.2 Aggregated dependency matrix 
 With respect to a1 a2 a3 a4 a5 a6 b1 b2 b3 c1 c2 c3 d1 d2 d3 d4 e1 e2 e3 f1 f2 f3 f4 f5 g1 g2 h1 h2 h3 Cluster 1 a1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0 0 1 1 1 a2 1 0 1 1 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 a3 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0 0 1 1 1 a4 1 1 1 0 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 1 a5 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 0 0 1 1 1 0 1 1 0 0 1 1 1 a6 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 0 0 0 0 1 Cluster 2 b1 0 0 0 0 0 0 0 1 1 0 0 0 1 1 1 0 1 1 1 1 1 0 0 0 0 0 0 0 0 b2 0 0 0 0 0 0 1 0 1 0 0 0 1 1 1 0 1 1 1 1 1 0 0 0 0 0 0 0 0 b3 0 0 0 0 0 0 1 1 0 0 0 0 1 1 1 0 1 1 1 1 1 0 0 0 0 0 0 0 0 Cluster 3 c1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 c2 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 c3 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 Cluster 4 d1 1 0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 1 0 0 1 1 1 d2 1 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 1 0 0 1 1 1 d3 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 d4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 0 1 1 1 1 1 1 1 Cluster 5 e1 0 0 1 0 1 1 1 1 1 0 0 0 1 1 1 0 0 1 1 1 1 0 0 0 0 0 0 0 1 e2 0 0 1 0 1 1 1 1 1 0 0 0 1 1 1 0 1 0 1 1 1 0 0 0 0 0 0 0 1 e3 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 1 0 1 1 1 0 1 0 1 Cluster 6 f1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 0 1 1 1 f2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 0 1 1 1 f3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 1 1 1 f4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 0 1 1 1 f5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 Cluster 7 g1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 1 1 g2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 Cluster 8 h1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 h2 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 h3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
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Figure 5.2 ANP network model with connections among elements/ clusters 
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5.2.2 Pairwise comparisons  
 
After constructing the ANP network, pairwise comparisons were conducted with a list of 
experts to provide judgements. The subjective judgements were entered and assigned 
numerical values based on the nine- point scale suggested by Saaty (1980) to obtain the 
corresponding pairwise judgement matrices. A score of 1 indicates equality between the 
two sub-factors, whereas a score of 9 represents the dominance of the row sub-factor in the 
matrix over the column sub-factor. A reciprocal value is automatically assigned in the 
opposite position of the matrix, i.e. ௝ܽ௜ = 1/ܽ௜௝. 
In order to minimise experts’ biases when answering pairwise comparison questions, four 
judgements were obtained for each particular question, as shown in Appendix C and 
Appendix D. All judgements obtained from individual experts were tabulated and then 
aggregated into a representative group judgement by calculating the geometric mean for 
each pairwise question, as discussed in Section 3.3.5.2. The results of group judgements 
are also shown in Appendix C and Appendix D. The aggregated group judgements were 
then arranged in corresponding consensus pairwise judgement matrices and finally entered 
into Super Decisions to perform the necessary computations to synthesise the results.  
Figure 5.3 illustrates how the judgements are entered into Super Decisions. The figure 
shows an example of pairwise comparisons between sub-factors with respect to a1. While 
a score of 1 indicates equality between the two sub-factors, the blue scores represent the 
dominance of the row sub-factor in the matrix (e.g., a2) over the column sub-factor (e.g., 
a3) and the red scores vice versa. The question asked was “With respect to a1: skills in 
resolving problems, which factor is more important ─ a2: Level of trust in the project team 
or a3: Effectiveness of project team coordination?” The group judgement was that a2 is 
between “moderately” and “strongly” more important than a3. Therefore, a blue score of 4 
corresponding to the group judgement regarding this question was clicked to highlight the 




  Page 135    
 
 
Figure 5.3 Example of Super Decisions pairwise comparison process 
 
Then, the comparisons matrix is formed and the priority of each sub-factor is computed 
automatically by Super Decisions, as shown in Figure 5.4. According to the results, with 
respect to a1 in cluster 1, a5 has the highest priority of 0.43224 followed by a2 and a6 with 
0.24172 and 0.19664 respectively. The less important sub-factors are a3 and a4 with 
0.06836 and 0.06104 respectively. Since the value of inconsistency is less than 0.1, this 
matrix is considered acceptable. 
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190 sub-factor matrices and 8 cluster matrices were developed in Super Decisions. The 
results of pairwise comparisons matrix among clusters were calculated by Super Decisions 
and the results are shown in Figure 5.5. 
 
 
Figure 5.5 Results of pairwise comparisons matrix among clusters 
 
5.2.3 Formation of super-matrix 
 
There are three super-matrices in the network: the unweighted super-matrix, the weighted 
super-matrix and the limit super-matrix.  The unweighted super-matrix contains the local 
priorities derived from the pairwise comparisons throughout the network. The weighted 
super-matrix is obtained by multiplying all the sub-factors in a component of the 
unweighted super-matrix by the corresponding cluster weight matrix, which makes each 
column therein add up to 1. The column vectors of the cluster weight matrix can be 
determined from the eigenvectors of the pairwise comparison of clusters. The limit super-
matrix is obtained by raising the weighted super-matrix to powers by multiplying it with 
itself. When the column of numbers is the same for every column, the limit matrix has 
been reached and the matrix multiplication process is halted. 
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ܹᇱ = lim ቀଵேቁ ∑ ܹ௞ே௞ୀଵ                                                                                               (5-1) 
where, >???< is the limit super-matrix, W is the weighted super-matrix, N indicates the 
sequence, and k is the exponent determined by iteration. 
All of the three super-matrices were computed by Super Decisions automatically and the 
results are shown in Table 5.3, Table 5.4 and Table 5.5 respectively. 
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 a1 a2 a3 a4 a5 a6 b1 b2 b3 c1 c2 c3 d1 d2 d3 d4 e1 e2 e3 f1 f2 f3 f4 f5 g1 g2 h1 h2 h3 a1 0.0000 0.3500 0.4294 0.2047 0.0760 0.3738 0.6853 0.6853 0.6853 0.3905 0.4934 0.0609 0.6853 0.6853 0.2533 0.3270 0.0000 0.0000 0.7143 0.1463 0.2592 0.1392 0.2395 0.3328 0.0000 0.0000 0.3694 0.3694 0.3634 a2 0.2417 0.0000 0.2093 0.4692 0.2269 0.0464 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0796 0.0658 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1196 0.1105 0.8333 0.5000 0.0701 0.0701 0.0000 a3 0.0684 0.2528 0.0000 0.1736 0.4378 0.3738 0.1677 0.1677 0.1677 0.2761 0.3108 0.0609 0.1677 0.1677 0.2778 0.3008 0.0000 0.0000 0.1429 0.1592 0.0770 0.7732 0.4153 0.3471 0.0000 0.0000 0.3239 0.3239 0.3502 a4 0.0610 0.0463 0.2301 0.0000 0.2264 0.0505 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0788 0.0752 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0990 0.0941 0.1667 0.5000 0.0827 0.0827 0.0373 a5 0.4322 0.2389 0.0762 0.1006 0.0000 0.1557 0.0859 0.0859 0.0859 0.1953 0.0000 0.5155 0.0859 0.0859 0.2718 0.1886 0.0000 0.0000 0.1429 0.0623 0.0545 0.0000 0.0715 0.0579 0.0000 0.0000 0.1539 0.1539 0.0719 a6 0.1966 0.1121 0.0550 0.0519 0.0329 0.0000 0.0612 0.0612 0.0612 0.1381 0.1958 0.3627 0.0612 0.0612 0.0386 0.0427 0.0000 0.0000 0.0000 0.6322 0.6094 0.0877 0.0551 0.0576 0.0000 0.0000 0.0000 0.0000 0.1772 b1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.2500 0.3333 0.0000 0.0000 0.0000 0.1429 0.1429 0.1429 0.0000 0.5936 0.2021 0.6144 0.1429 0.1429 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 b2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.2000 0.0000 0.6667 0.0000 0.0000 0.0000 0.1429 0.1429 0.1429 0.0000 0.1571 0.0972 0.1172 0.1429 0.1429 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 b3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.8000 0.7500 0.0000 0.0000 0.0000 0.0000 0.7143 0.7143 0.7143 0.0000 0.2493 0.7007 0.2684 0.7143 0.7143 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 c1 0.3333 0.4737 0.4737 0.4667 0.4737 0.4737 0.4737 0.4737 0.4737 0.0000 0.8333 0.5000 0.5820 0.5820 0.0909 0.4737 0.0909 0.1000 0.1111 0.4667 0.4667 0.0000 0.4667 0.4667 0.1111 0.4667 0.4737 0.4737 0.4667 c2 0.3333 0.4737 0.4737 0.4667 0.0526 0.4737 0.4737 0.4737 0.4737 0.8750 0.0000 0.5000 0.3667 0.3667 0.0909 0.4737 0.0909 0.1000 0.1111 0.4667 0.4667 0.0000 0.4667 0.4667 0.1111 0.4667 0.4737 0.4737 0.4667 c3 0.3333 0.0526 0.0526 0.0667 0.4737 0.0526 0.0526 0.0526 0.0526 0.1250 0.1667 0.0000 0.0513 0.0513 0.8182 0.0526 0.8182 0.8000 0.7778 0.0667 0.0667 0.0000 0.0667 0.0667 0.7778 0.0667 0.0526 0.0526 0.0667 d1 0.1667 0.0000 0.1605 0.1556 0.1605 0.1605 0.1605 0.1605 0.1605 0.1605 0.1605 0.1605 0.0000 0.7732 0.1000 0.4737 0.1111 0.1111 0.1605 0.1605 0.1605 0.0000 0.1605 0.1605 0.0000 0.0000 0.3178 0.1605 0.1605 d2 0.1667 0.0000 0.1605 0.1504 0.1605 0.1605 0.1605 0.1605 0.1605 0.1605 0.1605 0.1605 0.7732 0.0000 0.1000 0.4737 0.1111 0.1111 0.1605 0.1605 0.1605 0.0000 0.1605 0.1605 0.0000 0.0000 0.3822 0.1605 0.1605 d3 0.0000 0.1250 0.0430 0.0423 0.0430 0.0430 0.0430 0.0430 0.0430 0.0430 0.0430 0.0430 0.0877 0.0877 0.0000 0.0526 0.7778 0.7778 0.0430 0.0430 0.0430 0.0000 0.0430 0.0430 0.1667 0.1667 0.0826 0.0430 0.0430 d4 0.6667 0.8750 0.6359 0.6517 0.6359 0.6359 0.6359 0.6359 0.6359 0.6359 0.6359 0.6359 0.1392 0.1392 0.8000 0.0000 0.0000 0.0000 0.6359 0.6359 0.6359 0.0000 0.6359 0.6359 0.8333 0.8333 0.2175 0.6359 0.6359 e1 0.0000 0.0000 0.0909 0.0000 0.0909 0.0909 0.4737 0.4737 0.4737 0.0000 0.0000 0.0000 0.0909 0.0909 0.0909 0.0000 0.0000 0.8333 0.7500 0.1111 0.1111 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1111 e2 0.0000 0.0000 0.0909 0.0000 0.0909 0.0909 0.4737 0.4737 0.4737 0.0000 0.0000 0.0000 0.0909 0.0909 0.0909 0.0000 0.1250 0.0000 0.2500 0.1111 0.1111 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1111 e3 1.0000 1.0000 0.8182 1.0000 0.8182 0.8182 0.0526 0.0526 0.0526 1.0000 0.0000 1.0000 0.8182 0.8182 0.8182 1.0000 0.8750 0.1667 0.0000 0.7778 0.7778 0.0000 1.0000 1.0000 1.0000 0.0000 1.0000 0.0000 0.7778 f1 0.2765 0.3754 0.2765 0.2765 0.2765 0.2765 0.2765 0.2765 0.2765 0.2765 0.2765 0.2765 0.2765 0.2765 0.2765 0.2765 0.2765 0.2765 0.2765 0.0000 0.6132 0.4167 0.4167 0.4167 0.0000 0.0000 0.2765 0.2765 0.2765 f2 0.4016 0.3754 0.4016 0.4016 0.4016 0.4016 0.4016 0.4016 0.4016 0.4016 0.4016 0.4016 0.4016 0.4016 0.4016 0.4016 0.4016 0.4016 0.4016 0.6958 0.0000 0.4167 0.4167 0.4167 0.0000 0.0000 0.4016 0.4016 0.4016 f3 0.0579 0.0465 0.0579 0.0579 0.0579 0.0579 0.0579 0.0579 0.0579 0.0579 0.0579 0.0579 0.0579 0.0579 0.0579 0.0579 0.0579 0.0579 0.0579 0.0706 0.2085 0.0000 0.0833 0.0833 0.0000 0.0000 0.0579 0.0579 0.0579 f4 0.1320 0.1013 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1168 0.0892 0.0833 0.0000 0.0833 0.0000 0.0000 0.1320 0.1320 0.1320 f5 0.1320 0.1013 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1320 0.1168 0.0892 0.0833 0.0833 0.0000 0.0000 0.0000 0.1320 0.1320 0.1320 g1 0.5000 0.3333 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.3333 0.5000 0.5000 0.5000 0.5000 0.5000 0.0000 0.5000 0.5000 0.0000 1.0000 0.5000 0.5000 0.5000 g2 0.5000 0.6667 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.6667 0.5000 0.5000 0.5000 0.5000 0.5000 0.0000 0.5000 0.5000 1.0000 0.0000 0.5000 0.5000 0.5000 h1 0.5000 0.4667 0.4737 0.4737 0.4737 0.1111 0.4737 0.4737 0.4737 0.4737 0.4737 0.4737 0.4737 0.4737 0.4667 0.4737 0.4737 0.4667 0.4667 0.4667 0.4667 0.0000 0.4667 0.4667 0.4667 0.4667 0.0000 0.9000 0.5000 h2 0.0000 0.4667 0.4737 0.4737 0.4737 0.1111 0.4737 0.4737 0.4737 0.4737 0.4737 0.4737 0.4737 0.4737 0.4667 0.4737 0.4737 0.4667 0.4667 0.4667 0.4667 0.0000 0.4667 0.4667 0.4667 0.4667 0.8750 0.0000 0.5000 h3 0.5000 0.0667 0.0526 0.0526 0.0526 0.7778 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0667 0.0526 0.0526 0.0667 0.0667 0.0667 0.0667 1.0000 0.0667 0.0667 0.0667 0.0667 0.1250 0.1000 0.0000 
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Table 5.4 Weighted super-matrix 
  a1 a2 a3 a4 a5 a6 b1 b2 b3 c1 c2 c3 d1 d2 d3 d4 e1 e2 e3 f1 f2 f3 f4 f5 g1 g2 h1 h2 h3 a1 0.0000 0.0697 0.0855 0.0407 0.0151 0.0744 0.0603 0.0603 0.0603 0.0176 0.0246 0.0027 0.1241 0.1241 0.0459 0.0618 0.0000 0.0000 0.0471 0.0427 0.0756 0.0579 0.0715 0.0994 0.0000 0.0000 0.0239 0.0309 0.0235 a2 0.0481 0.0000 0.0417 0.0934 0.0452 0.0092 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0144 0.0124 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0357 0.0330 0.0311 0.0246 0.0045 0.0059 0.0000 a3 0.0136 0.0503 0.0000 0.0346 0.0871 0.0744 0.0148 0.0148 0.0148 0.0124 0.0155 0.0027 0.0304 0.0304 0.0503 0.0569 0.0000 0.0000 0.0094 0.0464 0.0224 0.3217 0.1241 0.1037 0.0000 0.0000 0.0209 0.0271 0.0226 a4 0.0122 0.0092 0.0458 0.0000 0.0451 0.0100 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0143 0.0142 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0296 0.0281 0.0062 0.0246 0.0053 0.0069 0.0024 a5 0.0860 0.0475 0.0152 0.0200 0.0000 0.0310 0.0076 0.0076 0.0076 0.0088 0.0000 0.0232 0.0156 0.0156 0.0492 0.0357 0.0000 0.0000 0.0094 0.0182 0.0159 0.0000 0.0214 0.0173 0.0000 0.0000 0.0099 0.0129 0.0047 a6 0.0391 0.0223 0.0110 0.0103 0.0066 0.0000 0.0054 0.0054 0.0054 0.0062 0.0097 0.0163 0.0111 0.0111 0.0070 0.0081 0.0000 0.0000 0.0000 0.1844 0.1777 0.0365 0.0165 0.0172 0.0000 0.0000 0.0000 0.0000 0.0115 b1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0431 0.0574 0.0000 0.0000 0.0000 0.0061 0.0061 0.0061 0.0000 0.0126 0.0043 0.0121 0.0034 0.0034 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 b2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0345 0.0000 0.1149 0.0000 0.0000 0.0000 0.0061 0.0061 0.0061 0.0000 0.0033 0.0021 0.0023 0.0034 0.0034 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 b3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1378 0.1292 0.0000 0.0000 0.0000 0.0000 0.0304 0.0304 0.0304 0.0000 0.0053 0.0148 0.0053 0.0170 0.0170 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 c1 0.0063 0.0090 0.0090 0.0089 0.0090 0.0090 0.0234 0.0234 0.0234 0.0000 0.3919 0.2124 0.0169 0.0169 0.0026 0.0143 0.0123 0.0135 0.0141 0.0132 0.0132 0.0000 0.0136 0.0136 0.0365 0.2023 0.0879 0.1137 0.0866 c2 0.0063 0.0090 0.0090 0.0089 0.0010 0.0090 0.0234 0.0234 0.0234 0.3716 0.0000 0.2124 0.0106 0.0106 0.0026 0.0143 0.0123 0.0135 0.0141 0.0132 0.0132 0.0000 0.0136 0.0136 0.0365 0.2023 0.0879 0.1137 0.0866 c3 0.0063 0.0010 0.0010 0.0013 0.0090 0.0010 0.0026 0.0026 0.0026 0.0531 0.0784 0.0000 0.0015 0.0015 0.0237 0.0016 0.1107 0.1083 0.0983 0.0019 0.0019 0.0000 0.0019 0.0019 0.2554 0.0289 0.0098 0.0126 0.0124 d1 0.0081 0.0000 0.0078 0.0076 0.0078 0.0078 0.0180 0.0180 0.0180 0.0146 0.0162 0.0146 0.0000 0.3298 0.0427 0.2110 0.0044 0.0044 0.0059 0.0088 0.0088 0.0000 0.0091 0.0091 0.0000 0.0000 0.0126 0.0083 0.0064 d2 0.0081 0.0000 0.0078 0.0073 0.0078 0.0078 0.0180 0.0180 0.0180 0.0146 0.0162 0.0146 0.3298 0.0000 0.0427 0.2110 0.0044 0.0044 0.0059 0.0088 0.0088 0.0000 0.0091 0.0091 0.0000 0.0000 0.0152 0.0083 0.0064 d3 0.0000 0.0061 0.0021 0.0021 0.0021 0.0021 0.0048 0.0048 0.0048 0.0039 0.0043 0.0039 0.0374 0.0374 0.0000 0.0235 0.0305 0.0305 0.0016 0.0024 0.0024 0.0000 0.0024 0.0024 0.0145 0.0191 0.0033 0.0022 0.0017 d4 0.0325 0.0426 0.0310 0.0318 0.0310 0.0310 0.0712 0.0712 0.0712 0.0579 0.0641 0.0579 0.0594 0.0594 0.3412 0.0000 0.0000 0.0000 0.0233 0.0350 0.0350 0.0000 0.0359 0.0359 0.0723 0.0954 0.0086 0.0327 0.0253 e1 0.0000 0.0000 0.0209 0.0000 0.0209 0.0209 0.0242 0.0242 0.0242 0.0000 0.0000 0.0000 0.0058 0.0058 0.0058 0.0000 0.0000 0.2200 0.1850 0.0090 0.0090 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0253 e2 0.0000 0.0000 0.0209 0.0000 0.0209 0.0209 0.0242 0.0242 0.0242 0.0000 0.0000 0.0000 0.0058 0.0058 0.0058 0.0000 0.0330 0.0000 0.0617 0.0090 0.0090 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0253 e3 0.2299 0.2299 0.1881 0.2299 0.1881 0.1881 0.0027 0.0027 0.0027 0.0970 0.0000 0.0970 0.0519 0.0519 0.0519 0.0663 0.2310 0.0440 0.0000 0.0630 0.0630 0.0000 0.0829 0.0829 0.2423 0.0000 0.2275 0.0000 0.1769 f1 0.0135 0.0183 0.0135 0.0135 0.0135 0.0135 0.0098 0.0098 0.0098 0.0151 0.0167 0.0151 0.0341 0.0341 0.0341 0.0357 0.0164 0.0164 0.0153 0.0000 0.1692 0.1640 0.1177 0.1177 0.0000 0.0000 0.0088 0.0114 0.0088 f2 0.0196 0.0183 0.0196 0.0196 0.0196 0.0196 0.0142 0.0142 0.0142 0.0219 0.0243 0.0219 0.0496 0.0496 0.0496 0.0518 0.0238 0.0238 0.0222 0.1919 0.0000 0.1640 0.1177 0.1177 0.0000 0.0000 0.0128 0.0166 0.0128 f3 0.0028 0.0023 0.0028 0.0028 0.0028 0.0028 0.0021 0.0021 0.0021 0.0032 0.0035 0.0032 0.0071 0.0071 0.0071 0.0075 0.0034 0.0034 0.0032 0.0195 0.0575 0.0000 0.0236 0.0236 0.0000 0.0000 0.0019 0.0024 0.0019 f4 0.0064 0.0049 0.0064 0.0064 0.0064 0.0064 0.0047 0.0047 0.0047 0.0072 0.0080 0.0072 0.0163 0.0163 0.0163 0.0170 0.0078 0.0078 0.0073 0.0322 0.0246 0.0328 0.0000 0.0236 0.0000 0.0000 0.0042 0.0055 0.0042 f5 0.0064 0.0049 0.0064 0.0064 0.0064 0.0064 0.0047 0.0047 0.0047 0.0072 0.0080 0.0072 0.0163 0.0163 0.0163 0.0170 0.0078 0.0078 0.0073 0.0322 0.0246 0.0328 0.0236 0.0000 0.0000 0.0000 0.0042 0.0055 0.0042 g1 0.1137 0.0758 0.1137 0.1137 0.1137 0.1137 0.1009 0.1009 0.1009 0.0676 0.0749 0.0676 0.0311 0.0311 0.0311 0.0217 0.1241 0.1241 0.1159 0.0555 0.0555 0.0000 0.0569 0.0569 0.0000 0.1800 0.1127 0.1459 0.1127 g2 0.1137 0.1516 0.1137 0.1137 0.1137 0.1137 0.1009 0.1009 0.1009 0.0676 0.0749 0.0676 0.0311 0.0311 0.0311 0.0433 0.1241 0.1241 0.1159 0.0555 0.0555 0.0000 0.0569 0.0569 0.1364 0.0000 0.1127 0.1459 0.1127 h1 0.1137 0.1061 0.1077 0.1077 0.1077 0.0253 0.1374 0.1374 0.1374 0.0723 0.0800 0.0723 0.0340 0.0340 0.0335 0.0355 0.1103 0.1087 0.1015 0.0623 0.0623 0.0000 0.0638 0.0638 0.0788 0.1040 0.0000 0.2626 0.1127 h2 0.0000 0.1061 0.1077 0.1077 0.1077 0.0253 0.1374 0.1374 0.1374 0.0723 0.0800 0.0723 0.0340 0.0340 0.0335 0.0355 0.1103 0.1087 0.1015 0.0623 0.0623 0.0000 0.0638 0.0638 0.0788 0.1040 0.1973 0.0000 0.1127 h3 0.1137 0.0152 0.0120 0.0120 0.0120 0.1768 0.0153 0.0153 0.0153 0.0080 0.0089 0.0080 0.0038 0.0038 0.0048 0.0039 0.0123 0.0155 0.0145 0.0089 0.0089 0.1903 0.0091 0.0091 0.0113 0.0149 0.0282 0.0292 0.0000  
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Table 5.5 Limiting super-matrix 
a1 a2 a3 a4 a5 a6 b1 b2 b3 c1 c2 c3 d1 d2 d3 d4 e1 e2 e3 f1 f2 f3 f4 f5 g1 g2 h1 h2 h3 a1 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 0.0321 a2 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 0.0108 a3 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 0.0210 a4 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 0.0072 a5 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 0.0131 a6 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139 b1 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 b2 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014 b3 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 0.0039 c1 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 0.0904 c2 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 0.0888 c3 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 0.0526 d1 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 0.0265 d2 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 0.0267 d3 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 d4 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 0.0468 e1 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 0.0220 e2 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090 e3 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 0.0952 f1 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 f2 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 f3 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 0.0048 f4 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 f5 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 g1 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 0.0885 g2 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 0.0867 h1 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 0.0880 h2 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 0.0805 h3 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 
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5.2.4 Final results 
 
The final priorities of this ANP model are shown in Table 5.6. The CSFs with higher 
priorities can be identified as more important, and determine the level of success of HVAC 
retrofits. Therefore, the most important CSFs that highlighted with arrow and bold 
underline are : c1 (familiarity with new HVAC technology design-related policies and 
regulations), c2 (familiarity with new HVAC technology construction-related work), e3 
(experience of using new HVAC technologies), g1 (availability of personnel resources), g2 
(commitment to on-time and on-budget project delivery), h1 (commitment of HVAC 
designer to achieve project goals and objectives), and h2 (commitment of HVAC 
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Table 5.6 Final priorities of the ANP model 
Code  Description  Priorities Normalized By Cluster 
Priorities from Limiting matrix a1  Skills in resolving problems 0.3277 0.0321 
a2  Level of trust in the project team 0.1101 0.0108 
a3  Effectiveness of project team coordination 0.2139 0.0210 
a4  Project team cohesiveness 0.0731 0.0072 
a5  Effectiveness of working relationship between client and HVAC designer 0.1337 0.0131 a6  Clarity of project scope 0.1415 0.0139 
b1  Control flexibility of the selected HVAC retrofitting technologies 0.3028 0.0023 
b2  Compatibility with other building systems of the selected HVAC retrofitting technologies 0.1813 0.0014 b3  Integration in building automation systems of the selected HVAC retrofitting technologies 0.5160 0.0039 c1  Familiarity with new HVAC technology design-related policies and regulations 0.3900 0.0904 c2  Familiarity with new HVAC technology construction-related work 0.3830 0.0888 
c3  Financial resources capability 0.2270 0.0526 
d1  Understanding of HVAC's current state including problems and limitations 0.2435 0.0265 d2  Clarity of client's objectives and requirements 0.2451 0.0267 
d3  Willingness to use new HVAC technologies for green outcomes 0.0819 0.0089 
d4  Skilled leadership in organizing HVAC retrofitting projects 0.4295 0.0468 
e1  Ability to further upgrade selected HVAC retrofitting technologies 0.1745 0.0220 
e2  Life span of selected HVAC retrofitting technologies 0.0715 0.0090 
e3  Experience in using new HVAC technologies  0.7540 0.0952 f1  Clarity of HVAC performance assessment and diagnostics 0.3034 0.0195 
f2  Accuracy of retrofitting solutions 0.3848 0.0247 
f3  Completeness of documentation 0.0748 0.0048 
f4  Effectiveness of working relationship between client and HVAC contractor 0.1185 0.0076 f5  Effectiveness of teamwork and communication between HVAC designer and HVAC contractor 0.1185 0.0076 g1  Availability of personnel resources  0.5049 0.0884 g2  Commitment to on-time and on-budget project delivery  0.4951 0.0867 h1  Commitment of HVAC designer to achieve project goals and objectives 0.4677 0.0880 h2  Commitment of HVAC contractor to achieve project goals and objectives 0.4281 0.0805 h3  Effectiveness of HVAC retrofitting programming 0.1042 0.0196 
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5.2.5 Application of the ANP model 
 
This section introduces the application of the ANP model. In practice, stakeholders often 
encounter problems in evaluating different retrofitting solutions. In order to help 
stakeholders to make smart decisions, the ANP model provides a quantitative approach to 
the assessment of different solutions. This section assumes there are three retrofitting 
solutions to be evaluated, namely, retrofitting solution 1, retrofitting solution 2, and 
retrofitting solution 3. Based on the theoretical model developed in Figure 5.1, the 
application of the theoretical model is presented in Figure 5.6. Then, HVAC experts were 
invited to identify the possible dependencies among elements and conduct the pairwise 
comparisons. According to the dependencies among elements, Super Decisions was used 
to construct the network model shown in Figure 5.7. In Figure 5.7, the cluster named 
“alternatives” contains the three retrofitting solutions. Subsequently, super-matrices were 
created. The results prioritize the three retrofitting solutions and help stakeholders to 
















Figure 5.6 Application of the ANP model 
Retrofit solution  1 
Alternatives 
Retrofit solution  2 Retrofit solution  3 
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Figure 5.7 Network model with connections via Super Decisions 
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5.3 Chapter summary  
 
The assessment involved in evaluating the success of HVAC retrofits is a difficult multi-
criteria decision, because there are dependencies among groups of project success factors. 
This chapter used ANP to facilitate the problem-solving process. It focused on how to 
structure a hierarchical decision model (by breaking down the decision problem into levels) 
and how to weight the decision criteria (by means of pairwise comparisons). After 
obtaining judgements from experts, the relationships among success factors of HVAC 
retrofits were identified. Then, the ANP structure and final priorities of this system were 
built using the Super Decision software. The discussions regarding the results are 
presented in Chapter 6. 
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CHAPTER 6  




6.1 Introduction  
 
The data obtained from the survey were analyzed using various statistical techniques in 
Chapter 4. The purpose of this chapter is to discuss the results in detail and report the 
empirical findings of the survey and ANP model. The discussion is divided into four 
sections. This chapter is structured as follows. 
Section 6.2 presents some general findings from the perspective of all participants and 
provides a basic summary of HVAC retrofits. Firstly, the important attributes and the 
important factors in HVAC retrofitting projects are reported in Section 6.2.1 and Section 
6.2.2 respectively. Section 6.2.1 focuses on the elaboration of the important attributes 
affecting clients’ decisions on HVAC retrofits, while Section 6.2.2 focuses on the 
elaboration of the important factors affecting the performance of retrofitted HVAC 
systems. The findings resulting mainly from the descriptive statistics and factor analysis 
were presented in Chapter 4. Next, the comparisons of different participants’ perspectives 
are discussed. Section 6.2.3 reports the findings of the ANOVA, Tamhane’s T2 and 
Dunnett’s T3 tests performed in Section 4.3.4, which elaborate the differences in the 
importance of the attributes and factors between different stakeholders. Section 6.2.4 
interprets the relationships between the attributes and factors, which were identified by 
regression and correlation analysis in Chapter 4. Section 6.3 reports the findings yielded by 
the ANP model in Chapter 5. Section 6.4 presents the systematic toolkit capturing all the 
above results. Validations are provided in Section 6.5, and finally Section 6.6 summarizes 
this chapter. 
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6.2 General findings regarding attributes and factors 
 
6.2.1 Important attributes affecting clients’ decisions on HVAC retrofits 
 
Seven important attributes were extracted by factor analysis: achieving overall 
sustainability targets, improved building value and corporate image, low operating & 
maintenance costs and short pay-back period, improved workplace environment, low 
capital investment and low life-cycle cost, improved building flexibility and user 
productivity, and availability of policies and regulations guiding HVAC retrofits. 
  
Cluster 1_ Attribute: Achieving overall sustainability targets 
 The first cluster accounted for 25.760 % of the total, as shown in Table 4.10. It was 
first considered that all participants place the highest priority on achieving overall 
sustainability targets when they make decisions on HVAC retrofits. Sustainable 
development as a concept has been gaining increasing popularity in various sectors 
including the construction industry, since the Brundtland Commission Report in 
1987 (WCED, 1987). Sustainability consists of different levels of analysis and it is 
necessary to integrate the sustainable approach into HVAC retrofitting at the 
project level. A really sustainable HVAC retrofit should consider the three 
dimensions of economic vitality, environmental quality, and social equity at a 
project level. The seven extracted KPAs for this cluster are all related to aspects of 
sustainable expectations of clients in HVAC retrofits, including “the performance 
of existing HVAC systems” (A9), “improving user’s comfort” (B1), “meeting the 
client / occupant’s demand” (B2), “contribution to sustainable city” (B7), “lower 
energy consumption and lower carbon emissions” (C1), “reducing pollution related 
to fuel consumption” (C2), and “implementation of new energy reduction 
initiatives such as Energy Performance Contracting (EPC)” (D4). Therefore, the 
results support the views of previous research (Avgelis and Papadopoulos, 2009; 
Miller and Buys, 2008; Stafford et al., 2011; Wong and Li, 2006; Xu et al., 2012) 
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that the primary objective of developers and clients in HVAC retrofitting projects 
is to achieve sustainability, and its importance is confirmed by this survey.  
 
Cluster 2_ Attribute: Improved building value and corporate image 
 The second cluster belongs to the business aspect. All participants believe that 
retrofits will contribute to “improved building value and corporate image”. The 
KPAs are “higher rental income” (A4), “reduced vacancy rates” (A6), “increased 
market value of the building” (A7), and “improved corporate image” (B6). There is 
growing tenant demand for green office space and tenants see value in occupying 
green office spaces. It is a selling point for their employees and a tangible indicator 
of company concern for the environment. In addition, leasing green space fis 
consistent with the environment sustainability objectives that many firms have 
adopted pursuant to their corporate social responsibility initiatives. Leading global 
companies, including Cisco, IBM, and Citigroup, have begun to implement green 
leasing strategies, when appropriate space is available in a given market (Tobias 
and Vavaroutsos, 2012). For example, in the United States, strong tenant demand 
for green space means that new Class A office space is increasingly being 
developed as certified green space (Tobias and Vavaroutsos, 2012). In order to stay 
competitive in a marketplace with new demands, owners of existing buildings will 
need to consider green retrofits as part of their strategy to maintain asset value. In 
the battle for tenants, buildings that are not retrofitted to accommodate the changes 
in tenant demand are likely to lose their competitive position and be discounted in 
the marketplace.  
 
Cluster 3_ Attribute: Low operating & maintenance costs and short pay-back period 
 Cluster 3 has two components. The first refers to cost-effectiveness, but mainly 
emphasizes “low operating & maintenance cost” (A1). The capital investment (see 
discussion of Cluster 5_Attribute), which is also named as the first cost, was 
traditionally considered a decisive attribute for the adoption of HVAC technologies 
in retrofits. This probably led to selection myopia and biased decisions. The survey 
findings indicate that not only capital investment but also operating and 
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maintenance costs are considered important in HVAC retrofits. Furthermore, “low 
operating & maintenance costs” (A1) was recognized as having a higher ranking 
than “low capital investment on HVAC retrofits” (A3) by participants in Table 4.6 
in Chapter 4, which were the fourth rank and the eleventh rank respectively. This 
suggests that decision-makers tend to be more concerned with the costs of running, 
maintenance and refurbishment than the initial capital costs in the selection of 
HVAC technologies. The second variable “short pay-back period” (A5) is related 
to profitable investment. There is a problem that sustainable business practices can 
sometimes entail profit sacrifices (CWA, 2010). A conflict thus arises between 
“green” and profitability, to the extent that “green” retrofits do not increase 
profitability, and perhaps even sacrifice profits. This phenomenon makes it hard to 
promote sustainability,  which is against the ingrained corporate principle of 
shareholder wealth maximization (Chan et al., 2009; Sneirson, 2009). Therefore, it 
is understandable that “short pay-back period” (A5) is a critical indicator to assess 
the profitability of HVAC projects, as most private organizations are profit-
oriented and aim to increase profits. The latest international data show that 
investment in green buildings is good business, offering strong payback and market 
returns for limited additional cost. For example, Good Energies found that roughly 
50% of green buildings in the study’s data set saw the initial green were paid back 
by energy and water savings in five years or less (Kats, 2008). An additional report 
was conducted by Sheehy who investigated 25 existing building retrofits, and all 
projects demonstrated positive returns, with a minimum return of 21% and a 
maximum payback period of 4.7 years (Tobias and Vavaroutsos, 2012). These 
studies provide useful information to clients and HVAC practitioners to help them 
make appropriate decisions in HVAC retrofitting projects. 
 
Cluster 4_ Attribute: Improved workplace environment 
 “Improved workplace environment” has been also recognized as a primary attribute  
by HVAC practitioners in retrofitting projects, and includes “reducing 
contamination and odour emissions” (C3), “improved thermal comfort” (C4), 
“improved air quality” (C5), and “reduced noise level” (C6). This result is 
consistent with the research which shows that, although work efficiency and cost 
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effectiveness of HVAC system are important, the need to provide occupants with a 
comfortable and productive working environment which satisfies their 
physiological need is also a critical concern when clients decide to renovate 
existing systems. Green HVAC systems are recognized for supplying superior 
indoor air quality, and more comfortable interior temperature. These indoor 
environmental amenities are coveted by employees, and employers have taken 
notice. In addition, several studies link green HVAC with heightened occupant 
comfort, lower absenteeism, and enhanced productivity. These gains can have a 
positive effect on an organization’s financial performance and help to enhance the 
attractiveness of green space (Fisk, 2000).  
 
Cluster 5_ Attribute: Low capital investment and low life cycle cost 
 Cluster 5 includes two variables, “low capital investment” (A2) and “low life-cycle 
cost” (A3), both of which are part of cost-effectiveness. As discussed in Cluster 3, 
the capital investment is very important. However, if building owners tend to focus 
only on initial capital costs, without appropriately considering medium- and long-
term costs and benefits, the owners utilize a very short investment time-frame and 
do not accurately determine the overall rate of return. Consequently, the higher up-
front cost of more energy-efficient equipment discourages their purchase and use. 
Therefore, cost-effectiveness is not only considered over a short period but also 
from a life-cycle perspective.  
 
Cluster 6_ Attribute: Improved building flexibility and user productivity 
 The survey results indicated that one of the most important attributes was 
“improved building flexibility” (B5). In intelligent buildings, each system is 
designed to enable all individual systems to interrelate with one another in a natural 
way, allowing for interaction between systems and control of the system, so that 
the system collaborates by responding flexibly to changing conditions and users’ 
requirements throughout the life of the building. Failure to recognize the 
significance of the performance and systems interface may lead to system 
incompatibility, malfunction, and risk of obsolescence.  If the building systems 
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malfunction, this affects the business operations of the occupants and “user 
productivity” (B5). Clements-Croome (2013) argues that the maintenance cost and 
the costs associated with a potential plunge in revenue arising from loss of tenants 
have an adverse effect on the financial viability of buildings. The failure to match 
occupants’ and clients’ expectations may eventually lead to disenchantment and a 
serious decline in interest and confidence in “green” buildings. The survey results 
are consistent with previous research (Hestnes and Kofoed, 2002). 
Cluster 7_ Attribute: Availability of policy and regulation guiding HVAC retrofits 
 Cluster 7 focuses on “availability of policies and regulations guiding HVAC 
retrofits”. For example, mandatory energy efficiency provisions have been 
introduced in the Building Code of Australia for all building classes and these 
measures are scheduled to be increased in the 2010 update of the code. Building 
owners need to be aware of the provisions that apply to any retrofitting or 
refurbishment works they undertake. The Australian government is developing a 
national scheme which will require the energy efficiency of all commercial 
buildings to be disclosed at the time of sale or lease (Beattie, 2009; GBGL, 2008). 
The intent of this program is that potential buyers or tenants can compare the 
energy efficiency of different buildings on a like-for-like basis. 
 
The existence of policies and regulations will increase the willingness of building 
owners to pay for retrofits, if there is financial support from the government. In 
particular, the issue of “split incentives” is often a key factor where the cost of the 
retrofit generally falls to a building owner, whereas the benefits often flow 
primarily to the tenants. The “1200 Buildings” program is an Australian first 
retrofit program conducted by the City of Melbourne, which is committed to 
meeting the target of achieving carbon neutrality by 2020 (CoM, 2010). The goal 
of the “1200 Buildings” program is to realise this vision by encouraging building 
owners to take part in environmental retrofits. In order to attract building owners to 
join the program, there are incentives available to promote retrofitting, as 
“upgrading the lighting in the commercial buildings can save money by reducing 
energy costs, and also save money by taking advantage of lighting upgrade rebates 
on offer”, and “the City of Melbourne can help building owners obtain finance for 
retrofit works that reduce energy use, save water and lower carbon emissions”. The 
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funding and incentives offer building owners great opportunities for improved 
energy efficiency, increased staff productivity, reduced maintenance costs and 
better thermal comfort of their existing building assets. 
 
The above seven important attributes represent the clients’ expectations, and help clients to 
identify the green retrofit opportunities in their existing building stock. Figure 6.1 shows 
the framework. Different stakeholder groups and their perceptions of important attributes 
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Figure 6.1 Framework for evaluation of green retrofit opportunities from a client perspective 
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6.2.2 Important factors affecting the results of HVAC retrofits 
 
By means of factor analysis, it was concluded that major participants in HVAC retrofits 
focus on eight important factors: general project organization skills and teamwork, control 
flexibility and system integration of retrofitted HVAC, stakeholders’ knowledge and 
financial capability, team preparedness for green HVAC retrofits, contractors’ & designers’ 
experience in HVAC retrofits with new technologies, HVAC retrofit-focused 
documentation and relationship management, contractors’ & designers’ sufficient resource 
for on-time and on-budget project delivery, and stakeholders’ commitment to project goals.  
 
Cluster 1_ Factor: General project organization skills and teamwork 
 The first cluster accounted for 32.580 % of the total. This result indicates that 
participants’ overall perspectives on project organization skills and teamwork are 
the key factor influencing the performance of HVAC retrofits. The ingredients 
required for HVAC retrofits are similar to those required for most construction 
projects. Teamwork is defined by Scarnati (2001) “as a cooperative process that 
allows ordinary people to achieve extraordinary results”. In HVAC retrofits, 
teamwork replies upon stakeholders working together in a cooperative environment 
to achieve the project goals. Trust and commitment among stakeholders can be 
built and maintained by efficient working relationships (Karlsen et al., 2008). 
Therefore, a successful HVAC retrofit relies upon the synergies between all team 
members creating an environment where they are all willing to contribute and 
participate.  
 
Cluster 2_ Factor: Control flexibility and system integration of retrofitted HVAC 
 For the second cluster, participants place emphasis on control flexibility and 
system integration. Traditional building management systems typically have stand-
alone applications with separate monitoring and control stations for HVAC 
controls, energy metering and power management, central plant equipment and 
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lighting. While each application is beneficial on its own, the real power lies in 
managing them as one, intelligent solution. Since 2000, most commercial, 
institutional, and industrial buildings built include a building automation system 
(BAS), which is the automatic centralized control of a building’s HVAC, light and 
other systems. Therefore, flexibility, compatibility and integration are prior 
requirements of selected HVAC retrofitting technologies, in order to improve the 
performance of retrofitted HVAC.  
 
Cluster 3_ Factor: Stakeholders’ knowledge and financial capability 
 Stakeholders’ knowledge and financial capability were identified as the third 
important factor based on participants’ opinions. The knowledge background of 
HVAC contractors and designers is one of the most important factors which can 
affect the success of an HVAC retrofit project. Green retrofitting requires a 
thorough understanding of existing and new technologies. It is to deliver the 
required objectives and desired project outcomes.  Failure to do so is a key cause of 
project objectives not being achieved. In addition, the cost is a crucial 
consideration of clients in the selection of retrofitting technologies in a particular 
building project. Researchers (Chau et al., 2000; Kneifel, 2010) have found that the 
cost benefits of green HVAC systems are not immediately appreciable, due to the 
higher initial investment compared to traditional HVAC systems. The greatest 
savings in using green HVAC systems are reduced energy consumption and 
operational costs. Therefore, the financial resources capability of the client will 
determine the green outcomes when they make decisions on HVAC systems.  
 
Cluster 4_ Factor: Team preparedness for green HVAC retrofits 
 Team preparedness for green HVAC retrofits was recognized as the fourth 
important factor according to the consensus of participants. The first phase of 
HVAC retrofit is the project set-up and pre-retrofit survey. In this phase, clients 
and contractors need to define the scope of the work and set project targets. A pre-
retrofit survey may also be required in order to better understand building 
operational problems and the main concerns of occupants. It is an important step 
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before HVAC retrofitting which will contribute to the planning and implementation 
practices during the project.  
 
Cluster 5_ Factor: Contractors & designers experiences in HVAC retrofit with new 
technologies 
 Next, the cluster relating to contractors and designers experiences drew participants’ 
attention. At present, contractors and designers are engaged with learning and 
developing good practice, but it is difficult to transfer knowledge and experience 
between projects, because of the nature of workforce deployment in the industry 
(Stafford et al., 2011). There is an element of human error which means that 
workers may ignore design drawings and substitute a preferred construction that 
they have used in the past. This issue is likely to apply also to substantial retrofit 
projects. Therefore, it is very important for contractors and designers to reinforce 
the working skill of technical work in the construction process and to raise the level 
of expertise in new technologies.  
 
Cluster 6_ Factor: HVAC retrofit focused documentation and relationship management 
 In the sixth cluster, the items included concern HVAC retrofit-focused 
documentation and relationship management. HVAC retrofit-focused 
documentation comprises an energy audit and performance assessment and 
diagnostics. Energy auditing is used to analyze HVAC energy data, understand 
HVAC energy use, identify areas with energy wastage, and propose appropriate 
energy conservation solutions. Performance assessment is employed to benchmark 
building energy use by using selected performance indicators or green building 
rating systems. During this stage, stakeholders should have effective teamwork and 
communication in order to identify inefficient equipment, improper control 
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Cluster 7_ Factor: Contractors’ and designers’ sufficient resources for on-time and on-
budget project delivery 
 Cluster 7 is related to contractors’ and designers’ capabilities and commitment. 
These important factors reinforce team cohesiveness in order to promote the 
smooth progress of construction and achieve the project’s goals and objectives. 
 
Cluster 8_ Factor: Stakeholders’ commitment to project goals 
 Cluster 8 concerns stakeholders’ commitment in HVAC retrofitting projects. 
Obviously, the commitment of all parties is vital to the success of the project. 
Since a retrofit project requires team spirit, teamwork is important among the 
different parties. The team effort of all parties, including clients, designers, 
contractors and subcontractors, is a crucial ingredient for the successful 
completion of a project.  
 
Figure 6.2 shows the framework for assessing the performance of retrofitted HVAC. 




  Page 159    
 
 
Figure 6.2 Framework for assessing the performance of retrofitted HVAC
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6.2.3 Different stakeholder groups and their perceptions of important attributes and 
factors 
 
 Importance of attributes between different stakeholders 
An analysis was conducted to determine how conflicting stakeholder groups affect the 
choice of the retrofit decision. In Section 4.3.4.1, the results reveal that there is consensus 
on ranking of the important of seven important attributes among the various participants. 
The stakeholders in this context are defined as the people who directly or indirectly have a 
vested interest in the HVAC, its operation, and the outcome of a future retrofit project. The 
stakeholders include the clients, the designers, and the contractors. These stakeholders play 
different roles in HVAC retrofitting projects, and are responsible for different work tasks. 
Previous research has indicated that these stakeholders might have varying and conflicting 
perspectives on how, when, and why a HVAC system should be sustainably retrofitted 
(Bernstein and Russo, 2009; Yudelson, 2010). For example, the client might be motivated 
to sustainably retrofit to reduce life-cycle costs, and increase return on the investment. On 
the other hand, designers and contractors are interested in sustainable design and 
construction practices (Bosch and Pearce, 2003). However, this result justifies 
comparisons among stakeholders, and indicates that stakeholders have a similar goal to 
achieve a sustainable retrofitted HVAC from social, economic, and environmental 
perspectives.  
 
 Importance of factors between different stakeholders 
In Section 4.3.4.2 ANOVA was used to determine whether significant differences exist 
among the influences of clients, designers and contractors on the cluster of factors. Based 
on the significance value threshold in ANOVA of 0.05, cluster 1_factor and cluster 
5_factor were identified, namely, “general project organization skills and teamwork”, and 
“contractors’ & designers’ experience in HVAC retrofits with new technologies”. The 
results of post-hoc testing indicated that the disagreement was between clients and 
contractors. Contractors considered cluster 1_factor more important than the clients, while 
clients considered cluster 5_factor more important than the contractors. Cluster 1_factor 
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includes six variables: skills in resolving problems (G9), level of trust in the project team, 
effectiveness of project team coordination (G10), project team cohesiveness (G1), 
effectiveness of working relationship between client and HVAC designer (G5), and clarity 
of project scope (H1). The six variables were initially categorized from project team 
management-related factors. These factors were extracted from activities which mostly 
occur in the planning and construction phases of HVAC retrofits. The following three 
aspects  explain why contractors consider it more important.  
Firstly, contractors undertake the major work in the planning and construction phases, such 
as providing professional feedback to designers (Bediawan, 2003; Karlsen et al., 2008),  
organizing a team with specialized skills (Bediawan, 2003; Chan et al., 2004), identifying 
and implementing innovative construction methods (Bediawan, 2003; Mitchell, 2009), and 
developing a construction program (Mitchell, 2009). In comparison, the clients’ role is to 
create a supportive atmosphere and advocate the implementation of green technologies in 
HVAC retrofits (Bediawan, 2003).  
Secondly, HVAC is sophisticated mechanical equipment and all components require 
retrofitting using various forms of restoration (Buys and Mathews, 2005). Different sub-
contractors are engaged due to the variety of work. Therefore, effective communication 
and working relationships between contractors and sub-contractors are the essential bases 
for project team collaboration in the construction process.  
Furthermore, HVAC retrofits must compromise with building and facility upgrades 
(Mitchell, 2009). For example, upgrading the lighting system or installing more energy-
efficient windows will reduce cooling loads. A planned HVAC retrofit program should be 
scheduled after they have been completed, because reduced cooling loads will reduce both 
initial and operating costs. To sum up, from the contractor’s point of view, “general project 
organization skills” are more important than clients believe them to be.  
The Cluster 5_factor relates to “contractors’ & designers’ experience in HVAC retrofits 
with new technologies”. Clients considered it more important than contractors. Obviously, 
excellent contractors’ & designers’ qualifications are the fundamental factor underpinning 
the success of HVAC retrofits. These characteristics of contractors & designers can be 
considered “hard” competencies, when clients select the project participants. In addition, 
extensively experienced participants in HVAC retrofits will help all participants 
communicate more easily in order to effectively minimize the performance gap.  
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6.2.4 Interpretation of the relationships between attributes and factors  
 
There are small to large relationships between the attributes and factors. Based on the 
results shown in Table 6.1, the following conclusions can be drawn: certain factors are the 
major contributors to the attributes, whilst some factors have less impact. Each attribute 
can be identified as an expectation of clients. According to the contents of the seven 
attributes, the expectations of clients can be conveniently categorized under four headings:  
 Primary goal: Clients expect the retrofitted HVAC to achieve the overall 
sustainability target; 
 Cost effectiveness: Clients expect the retrofitted HVAC to reduce the operating 
and maintenance and life-cycle costs, and to produce an  investment return over a 
short period;  
 Improved building value and functionality: Clients expect the retrofitted HVAC to 
improve building flexibility, user productivity, workplace environment, building 
value and corporate image; 
 Policy and regulation support: Clients expect the regulations guiding HVAC 
retrofits to be followed, and incentives and financial support from government to 
be provided. 
 
Therefore, the relationships between the attributes and factors reveal that, in the fulfilment 
of each expectation of clients, stakeholders know what they have to do is fully committed 
to the joint effort. The findings are discussed below. 
In order to achieve the primary goal, “contractors’ & designers’ experience in HVAC 
retrofits with new technologies” and “HVAC retrofit-focused documentation and 
relationship management” play essential roles, whilst “stakeholders’ knowledge and 
financial capability” is less important. Taking the content of related factors into 
consideration, these correspondences can be clarified. In the fulfilment of the primary 
project aim, contractors’ & designers’ experiences, stakeholders’ knowledge, financial 
capability, project preparation and documentation, and project relationship management 
are crucial areas.  
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Regarding cost effectiveness, “general project organization skills and teamwork”, “team 
preparedness for green HVAC retrofits”, “contractors’ & designers’ sufficient resources 
for on-time and on-budget project delivery”, and “stakeholders’ commitment to project 
goals” are identified as the main contributors with medium correlations. Skilled project 
organization and teamwork and comprehensive project preparation will help stakeholders 
communicate effectively on the selection of green HVAC technologies and the method of 
construction. Furthermore, commitment and sufficient resources can ensure that the project 
runs smoothly. These factors can establish a well-functioning process of cooperation, in 
which all parties are able to work together, support each other and solve problems 
effectively.  In summary, a project team has to pay a great deal of attention to the 
aforementioned factors if the clients expect the performance of retrofitted HVAC to be 
cost-effective.  
The third aspect “improved building value and functionality” is influenced mainly by 
“general project organization skills and teamwork”, “control flexibility and system 
integration of retrofitted HVAC”, “stakeholders’ knowledge and financial capability”, and 
“contractors’ and designers’ sufficient resources for on-time and on-budget project 
delivery”. The intensity of the relationships shown in Table 6.1 is from small to large. The 
result indicates that a sound working relationship between stakeholders, the technical 
benefits of retrofitted HVAC, sufficient resources, and stakeholders’ capability positively 
influence the performance of retrofitted HVAC, thereby improving building value and 
corporate image. The finding provides useful information to HVAC practitioners, 
especially clients, if they wish to stay competitive in the marketplace and maintain asset 
value. 
For the last aspect, it is noted that “policy and regulation support” is only influenced by 
“stakeholders’ knowledge and financial capability”. The intensity of the relationship is 
medium. The availability of policies and regulations increases the willingness of building 
owners to pay for retrofits, if there is financial support from the government. For example, 
tax incentives to encourage the use of sustainable technologies are widespread. At the 
same time, stakeholders’ knowledge of HVAC retrofitting and financial capability ensure 
that the policies and regulations are widely implemented. Because the knowledge of 
stakeholders and financial resources capability affect the success of a HVAC retrofit 
project, as discussed in Section 6.2.2, and assist with the delivery of the required 
objectives and desired project outcomes. This will attract more and more building owners 
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to take part in building retrofits. Funding and incentives will also encourage building 
owners to improve the energy efficiency of their existing building assets. Therefore,  
“policy and regulation support” and “stakeholders’ knowledge and financial capability” 
are inter-related.  
 
Table 6.1 Relationships between attributes and factors
Expectations Attributes 
Primary goal Achieving overall sustainability target 
Cost effectiveness  Low operating & maintenance costs and short pay-back period  
Low capital investment and low life-cycle cost 
Improved building value and functionality  
Improved building value and corporate image  
Improved workplace environment   
Improved building flexibility and user productivity  
Policy and regulation support  
Availability of policies and regulations guiding HVAC retrofitting 
 
Factors 
General project organization skills and teamwork 
Control flexibility and system integration of retrofitted HVAC 
Stakeholders’ knowledge and financial capability  
Team preparedness for green HVAC retrofits 
Contractors’ & designers’ experience in HVAC retrofits with new technologies 
HVAC retrofit-focused documentation and relationship management 
Contractors’ & designers’ sufficient resources for on-time and on-budget project delivery 
Stakeholders’ commitment to project goals 
 
                                        indicates “Small” relationships  
                                        indicates “Medium” relationships  
                                  indicates “Large” relationships  
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6.3 Interpretation of results of ANP model 
 
ANP was chosen as an approach to identify the influences and the strength of importance 
of CSFs regarding the results of HVAC retrofits. In the model, the judgment matrices were 
pairwise compared and computed via the use of the commercial software package Super 
Decisions. The local priority weights of all CSFs were calculated. These were then 
combined with the corresponding cluster weight matrix to obtain a final priority. The 
higher the priority of the CSF, the greater the relative importance. This helps to distinguish 
the more important CSFs from the less important ones.  
The distributive summary in Table 5.6 suggests that each CSF has different prioritization 
in the corresponding cluster and also in the final goal of the ANP model. The priority of 
CSFs differs for the goal “success of HVAC retrofits” (from the lowest score of 0.0014 to 
the highest of 0.0952), and also varies in the corresponding cluster factors (i.e., from the 
lowest value of 0.0731 to the highest of 0.3277 in Cluster 1_factor). The results suggest 
that all the CSFs are comparable, and none can be sacrificed. Some important findings on 
the CSFs are identified below: 
 
 CSFs affecting Cluster 1_ factor “General project organization skills and 
teamwork” 
The Cluster 1_factor “general project organization skills and teamwork” includes six CSFs. 
The relative importance of these CSFs is shown in Figure 6.3. With respect to the Cluster 
1_factor, a1 “skills of resolving problems” (with the priority of 0.3277) is considered the 
most significant factor. The second highest priority CSF in this cluster is a3 “effectiveness 
of project team coordination” (0.2139). These findings are consistent with those of Xu et 
al. (2015), and Xu and Chan (2013), who suggest that the capacity of stakeholders and 
project organization has a dominant impact on the results of retrofitting projects. The 
following CSFs, which include a6 “clarity of project scope” (0.1415), a5 “effectiveness of 
working relationship between client and HVAC designer” (0.1337), and a2 “level of trust 
in the project team” (0.1101), can be identified as having minor influence on Cluster 1. 
The factor a4 “project team cohesiveness” is the least significant for “general project 
organization skills and teamwork”. 
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Figure 6.3 Relative importance of CSFs for Cluster 1_factor 
Therefore, in order to improve “general project organization skills and teamwork”, more 
effort should be given to the improvement of stakeholders’  “skills of resolving problems”, 
and “effectiveness of project team coordination”. 
 
 CSFs affecting Cluster 2_ factor “Control flexibility and system integration of 
retrofitted HVAC” 
The Cluster 2_factor “control flexibility and system integration of retrofitted HVAC” 
includes three CSFs. The relative importance of these CSFs is shown in Figure 6.4. 
Respondents considered that the importance of b3 “integration in building automation 
system of the selected HVAC retrofitted technologies” is more critical than the other two 
CSFs (b1 and b2) with respect to this factor. The priority of b3 is 0.5160, which is more 
than half of the total weight of this cluster (the sum of the weights is 1). Therefore, of these 
CSFs, b3 is the most powerful predictor contributing to the success of “control flexibility 
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Figure 6.4 Relative importance of CSFs for Cluster 2_factor 
 
 CSFs affecting Cluster 3_ factor “Stakeholders knowledge and financial capability” 
The Cluster 3_factor “stakeholders’ knowledge and financial capability” includes three 
CSFs. The relative importance of these CSFs is shown in Figure 6.5.  The most important 
CSFs for Cluster 3_factor are c1 “familiarity with new HVAC technology design-related 
policies and regulations” and c2 “familiarity with new HVAC technology construction- 
related work”. The normalized priorities of the two CSFs are similar, at 0.3900 and 0.3830 
respectively. This finding reveals that c1 and c2 contribute significantly and equally to the 
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Figure 6.5 Relative importance of CSFs for Cluster 3_factor 
 
 CSFs affecting Cluster 4_ factor “Team preparedness for green HVAC retrofits” 
The Cluster 4_factor “team preparedness for green HVAC retrofits” includes four CSFs. 
The relative importance of these CSFs is shown in Figure 6.6. With respect to this factor, 
d4 “skilled leadership in organizing HVAC retrofitting projects” with the normalized 
priority of 0.4295 is considered the most significant factor. The following CSFs, namely 
d1 “understanding of the HVAC’s current state including problems and limitations” and d2 
“clarity of client objectives and requirements”, are of minor importance in improving 
“team preparedness for green HVAC retrofits”. Therefore, in order to achieve better 
outcomes, more effort should be given to the improvement of “skilled leadership in 
organizing HVAC retrofitting projects”,  “understanding of the HVAC’s current state 
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Figure 6.6 Relative importance of CSFs for Cluster 4_factor 
 
 CSFs affecting Cluster 5_ factor “Contractors’ & designers’ experience in HVAC 
retrofits with new technologies” 
The Cluster 5_factor “contractors’ & designers’ experience in HVAC retrofits with new 
technologies” includes three CSFs. The relative importance of these CSFs is shown in 
Figure 6.7. The CSF e3 “experience in using new HVAC technologies” has the most 
dominant influence regarding this factor. The normalized priority of e3 is 0.7540, whilst 
the priorities of e1 “ability to further upgrade the selected HVAC retrofitting technologies” 
and e2 “life span of the selected HVAC retrofitting technologies” are only 0.1745 and 
0.0715 respectively. The results reveal that “experience of using new HVAC technologies” 
should be the major consideration of project decision-makers when they choose qualified 
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Figure 6.7 Relative importance of CSFs for Cluster 5_factor 
 
 CSFs affecting the Cluster 6_ factor “HVAC retrofit focused documentation and 
relationship management” 
The Cluster 6_factor “HVAC retrofit-focused documentation and relationship management” 
includes five CSFs. The relative importance of these CSFs is shown in Figure 6.8. The  
two most important factors for the performance of “HVAC retrofit-focused documentation 
and relationship management” are f1 (0.3034) and f2 (0.3848), which take up the largest 
proportion of weight in Cluster 6. The total normalized priority of these two factors is up 
to 0.6882. Both “clarity of HVAC performance assessment and diagnostic” and “accuracy 
of retrofitting solutions” are key activities in a generic HVAC retrofitting program.  It is 
not difficult to understand that these two CSFs strongly influence the Cluster 6_factor. The 
figure indicates that the importance of f4 “effectiveness of working relationship between 
client and HVAC contractor” and f5 “effectiveness of teamwork and communication 
between HVAC designer and HVAC contractor” are equal. The weight of these two 
factors is 0.1185, which is minor compared with f1 and f2. However, not all the factors in 
Cluster 6 contribute to the sub-goal. The factor f3 “completeness of documentation” is 
insignificant for the performance of “HVAC retrofit-focused documentation and 
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Figure 6.8 Relative importance of CSFs for Cluster 6_factor 
 
 CSFs affecting the Cluster 7_ factor “Contractors’ & designers’ sufficient 
resources for on-time and on-budget project delivery” 
The Cluster 7_factor “contractors’ and designers’ sufficient resources for on-time and on-
budget project delivery” includes two CSFs. The relative importance of these CSFs is 
shown in Figure 6.9. From the figure, it can be deduced that both factors are identified as 
important and the dominance of importance are similar. The priorities of g1 and g2 are 
0.5049 and 0.495. The results reveal that the performance of “contractors’ and designers’ 
sufficient resources for on-time and on-budget project delivery” is mainly driven by 
contractors’ and designers’ characteristics, namely “availability of personnel resources” 
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Figure 6.9 Relative importance of CSFs for Cluster 7_factor 
 
 CSFs affecting the Cluster 8_ factor “Stakeholders’ commitment to project goals” 
The Cluster 8_factor “stakeholders’ commitment to project goals” includes three CSFs. 
The relative importance of these CSFs is shown in Figure 6.10. The two most important 
CSFs for the Cluster 8_ factor are h1 “commitment of HVAC designer to achieve project 
goals and objectives” and h2 “commitment of HVAC contractor to achieve project goals 
and objectives”. The capabilities of contractors and designers guarantee the quality of the 
HVAC retrofitting performance. These characteristics of contractors and designers also 
promote the smooth progress of construction and achieve the project goals and objectives. 
Another factor, h3 “effectiveness of HVAC retrofitting programming”, the weight of 
which is 0.1042, is important for the performance of “stakeholders’ commitment to project 
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Figure 6.10 Relative importance of CSFs for Cluster 8_factor 
 
 CSFs affecting the goal “ The success of HVAC retrofits” 
 
All 29 CSFs contribute to the final goal. Table 6.2 shows the priorities of the 29 CSFs in 
the success of HVAC retrofits. The relative importance of these 29 CSFs is presented in 
Figure 6.11. 
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The most important CSFs are e3 “experience in using new HVAC technologies”, c1 
“familiarity with new HVAC technology design-related policies and regulations”, c2 
“familiarity with new HVAC technology construction-related work”, g1 “availability of 
personnel resources”, h1 “commitment of HVAC designer to achieve project goals and 
objectives”, g2 “commitment to on-time and on-budget project delivery”, and h2 
“commitment of HVAC contractor to achieve project goals and objectives”. This 
demonstrates that better results of HVAC retrofitting projects are mainly driven by 
improvement in designers’ & contractors’ level of expertise, availability of personnel 
resources, and honouring commitments to stakeholders.  
In Figure 6.12, all the CSFs are listed from high priority to low priority. The table shows 
that the more high priority CSFs are captured in an HVAC retrofitting project, the better 
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Code CSFs Priorities e3 Experience of using new HVAC technologies 0.0952 
c1 Familiarity with new HVAC technologies design related policies and regulations 0.0904 c2 Familiarity with new HVAC technologies construction related work 0.0888 g1 Availability of personnel resources 0.0884 h1 Commitment of the HVAC designer to achieve project goals and objectives 0.0880 g2 Commitment of on-time and on-budget project delivery 0.0867 h2 Commitment of the HVAC contractor to achieve project goals and objectives 0.0805 c3 Financial resources capability 0.0526 d4 Skilled leadership of organizing HVAC retrofitting projects 0.0468 a1 Skills of resolving problems 0.0321 d2 Clarity of client's objectives and requirements 0.0267 d1 Understanding of the HVAC's current state including problems and limitations 0.0265 f2 Accuracy of retrofits solutions 0.0247 e1 Ability of further upgrade of the selected HVAC retrofitting technologies 0.0220 a3 Effectiveness of project team coordination 0.0210 h3 Effectiveness of HVAC retrofit programming 0.0196 f1 Clarity of HVAC performance assessment and diagnostic 0.0195 a6 Clarity of project scope 0.0139 a5 Effectiveness of working relationship between client and the HVAC designer 0.0131 a2 Level of trust in the project team 0.0108 e2 Life span of the selected HVAC retrofitting technologies 0.0090 d3 Willingness to use new HVAC technologies for green outcomes 0.0089 f4 Effectiveness of working relationship between client and the HVAC contractor 0.0076 f5 Effectiveness of teamwork and communication between the HVAC designer and the HVAC contractor 0.0076 a4 Project team cohesiveness 0.0072 f3 Completeness of documentation 0.0048 b3 Integration in building automation systems of the selected HVAC retrofitting technologies 0.0039 b1 Control flexibility of the selected HVAC retrofitting technologies 0.0023 b2 Compatibility with other building systems of the selected HVAC retrofitting technologies 0.0014  
Figure 6.12 The priorities of CSFs  
The more high priority CSFs, the greater the chance to achieve successful performance of retrofitted HVAC systems 
High priority 
Low priority 
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6.4 Integration of the toolkit — A systematic approach to green HVAC 
retrofits  
 
Figure 6.13 illustrates a systematic approach to identifying, determining and implementing 
the best retrofit measures for existing HVAC systems. It can be used for retrofitting any 
type of HVAC requiring minor modifications. The overall retrofit toolkit consists of two 
parts: (a) major retrofit activities in the entire HVAC retrofit process, and (b) strategies and 
decision-making methods. The strategies and decision-making methods provide necessary 
information and resource support for retrofitting activities. This approach was developed 
based on the retrofit phases and key activities presented in Section 2.5. The four strategies 
and decision-making methods highlighted in the approach are based on the empirical 
findings concluded in Section 6.2 and Section 6.3. The toolkit includes four steps as 
follows: 
 Step 1: Seven important attributes are used to analyse green retrofitting 
opportunities and help the client make smart decisions; 
 Step 2: Eight important factors are used to assess the performance of retrofitted 
HVAC systems; 
 Step 3: The relationships between the attributes and factors are used to help the 
stakeholders know what they have to do is fully committed to their joint efforts, in 
the fulfilment of  the expectations of clients; 




The integrated toolkit for green HVAC retrofitting provides valuable information for asset 
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Figure 6.13 Integration of the toolkit —A systematic approach to green HVAC 
retrofits  
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6.5 System validation 
 
6.5.1 Background of the case project 
 
For the purposes of the present study, the Kingston Municipal Offices HVAC retrofit 
program was used as a real case project. The project is located at 1230 Nepean Highway, 
Cheltenham, Victoria, Australia (refer to Figure 6.14). The main retrofitting measure was 
the removal of the two existing water-cooled chillers and associated pumps, to be replaced 
with new high-efficiency machines. The old air conditioning system consisted of two 
Carrier water-cooled chillers, of nominal capacity 745kW and 645kW respectively, each 
with their own dedicated chilled water (CHW) pumps. Heat rejection was provided by two 
BAC cooling towers with two condenser water (CCW) pumps. The CHW systems served 
cooling coils in the building’s two main air-handling units (AHUs) and three smaller fan 
coil units (FCUs). To improve the system’s performance, reliability and energy efficiency, 
the aging chillers were to be replaced with new units. This included replacing the 
associated CHW and CCW pumps with the inclusion of variable speed drives (VSDs) and 
upgrading the controls to suit the operation and performance of the new chillers, in order 
to achieve optimum energy efficiency.  This case project helped to explore the 
applicability of the systematic toolkit.  
 
Figure 6.14 The Kingston Municipal Offices
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6.5.1.1 Semi-structured face-to-face interviews 
 
To explore the proposition, semi-structured face-to-face interviews were undertaken with 
four experienced professionals who worked on this HVAC retrofit project, including a 
project manager, an HVAC designer, an installation contractor and a technician.  The 
characteristics of the respondents are shown in Table 6.2. 
 
Table 6.2 Characteristics of respondents 
Respondent Position Relevant experience Responsibility 1 Project manager-Client side 
5 years The project manager was in charge of the site assessment and compiling a plan and bid for the HVAC retrofitting project. 2 HVAC designer 10 years The HVAC designer was in charge of design in order to improve the existing HVAC performance. 3 Installation contractor  More than 12 years  The installation contractor was in charge of the installation of the HVAC components on construction site. 4 Technician 8 years The HVAC technician worked for installing, testing, repairing, and maintaining the HVAC systems.  
The semi-structured interviews lasted for an average of thirty minutes and included four 
key questions. The respondents were asked to recall their experience in this retrofit project. 
Comprising the case project with the toolkit, the feedbacks will be captured in the 
preliminary toolkit in order to improve the feasibility and effectiveness. The specific 
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Part 1: The project characteristics  
Question 1: What are the targets of the retrofit project? 
Question 2: What are the difficulties and problems in each stage of the retrofit project 
(planning, design, construction, operation and maintenance)? 
 
 
Part 2: Validation of the important attributes and important factors 
Question 3: Which attributes in the following list do you consider when you make 
decisions of your HVAC retrofit projects? Please tick in the box. If there are attributes 
missing from the list, please add them below. 
 
Important attributes √ 
Achieving overall sustainability target  
Improved building value and corporate image  
Low operating & maintenance cost and short pay-back period  
Improved workplace environment    
Low capital investment and low life cycle cost  
Improved building flexibility and user productivity  
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Question 4: Which factors in the following list do you consider as important factors in 
your HVAC retrofit projects? Please tick in the box. If there are factors missing from the 
list, please add them below. 
Important factors  √ 
General project organization skills and teamwork  
Control flexibility and system integration of retrofitted HVAC  
Stakeholders’ knowledge and financial capability   
Team preparedness for green HVAC retrofits  
Contractors & designers experiences in HVAC retrofits with new technologies  
HVAC retrofit focused documentation and relationship management  
Contractors & designers’ sufficient resource for on-time and on-budget project delivery  






6.5.1.2 Discussion of results 
 
In this section, we present representative quotations from the interview narratives.  
According to the participants’ interviews, they believed that the seven attributes and eight 
important factors which were obtained from our research played important roles in 
Kingston Municipal Offices HVAC retrofitting project. 
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Attributes 
 Achieving overall sustainability target 
 
Like the priority, the first thing we wanted, we wanted it to achieve overall 
sustainability target. Since 2010, the savvy owners of over 540 commercial office 
buildings in Melbourne have retrofitted to improve energy and water efficiency. 
Tuning and retrofitting commercial buildings to improve operational efficiency 
makes good business sense, improves staff productivity and reduces a building’s 
contribution to global warming. The benefits of retrofitting buildings include 
future-proofing assets against rising energy and water costs – these improvements 
could attract environmentally-aware tenants. It also benefits society by lessening 
the sector’s contribution to global greenhouse gas emissions. Thus, there is no 
doubt that sustainability is the primary goal to be achieved through retrofits. 
(Resp#1). 
 
 Improved building value and corporate image 
 
More and more tenants are seeking these qualities in the buildings they occupy and 
also in the companies they deal with. Improvements to a building’s systems and 
infrastructure can not only increase its overall capital value but also improve the 
corporate image. For example, in the Kingston office, if we could not keep the 
certain temperature in the building, we need to evacuate this building, and also 




 Low operating & maintenance costs and short pay-back period 
 
Buildings or HVAC systems have a long life cycle term. Thus, the cost happened in 
operation and maintenance stage is a key attribute that we are looking into. 
Sometimes, it is more important than the initial investment. Pay-back period is 
another important attribute when we made decisions about the retrofits. In this 
  Page 183    
project, the primary investment was expensive, about 80,000 dollars. But we get 
the payback period of 3.5 years. We are very excited too about it. (Resp#1). 
 
 
 Improved workplace environment   
 
Retrofits can improve indoor environment quality, which is good for tenant health 
and productivity. Especially in this project, what we want to improve is the comfort 
of the occupancy of the building. Because, in March, when the chiller failed, we 
only have one chiller left. One chiller couldn’t cope with whole building, even two 
chillers couldn’t cope when they were working. So, improved workplace 
environment is an important goal from client’s perspective. (Resp#1). 
 
 
 Low capital investment and low life-cycle cost 
 
Cost effectiveness is always a significant attribute in selecting HVAC technologies. 
It is not just about the capital investment but also the life cycle cost. So, we hired a 
consultant who did the specifications for us. He ran a few simulations in order to 




 Improved building flexibility and user productivity 
 
An increasing number of owners would like to add ‘intelligence’ to their assets, 
which can improve the building’s flexibility and system’s capability. Those things 
are related to our people’s working productivity. The Kingston building was built 
in 1994. Actually, it is not much old. But the controls of HVAC were very basic. It 
was pretty much turn-on and turn-off. It was not smart. We did a lot of changes. 
Some of the changes were that we put CO2 sensors in meeting rooms. The CO2 
sensors in the meeting rooms can identify whether there is someone in the meeting 
rooms or not. If there are, the HVAC will kick the air into that area. If there is no 
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one there, the parameter of the space will be put into the wait. Beside, we improved 
the economy cycle. All these efforts aimed to improve the building’s flexibility and 
people’s working productivity. (Resp#1). 
 
 
 Availability of policies and regulations guiding HVAC retrofitting 
 
Now, governments offer a lot of supports to building owners to retrofit their assets. 
They have free programs and information to help the building owners reduce their 
organization’s environmental footprint. Building owners can also access loans for 






 General project organization skills and teamwork 
 
How to organize a HVAC retrofit and how the different stakeholders work together 
is very critical to the success of the project. In this project, we did this way. We 
appointed a contractor. He was a principal project contractor and he was in 
charge of everything in the plan. That way was easy. He just directly reported 
everything to me and also he managed everything that below him to proceed. So 
once they were inducted, they took over to the site and they closed off. I had asked 
the permission to have a look. We went down that mode. Yes, it worked well. 
(Resp#1).  
 
Apart from the organization skills, the teamwork is also very important. In this 
project, we asked for project plan to see how these things install, when they install, 
what they need, what kind of contracts we are going to have, when we come in, 
what was the...we look at the risk, if the subcontract didn’t come in, what was the 
backup... to make sure every part of the project is all good. (Resp#1). 
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 Control flexibility and system integration of retrofitted HVAC 
 
Control flexibility is an important factor. In this project, we put extra sensors in the 
VAV boxes in order to measure the airflow. Previously, you could change it but you 
did not know the changes unless you came down and checked the register. It was 
not smart and flexible at all. (Resp#2). 
 
Nowadays, the main function of BMS is to integrate all essential building services 
systems to provide an overall strategic management in all aspects with the capacity 
to systematically analyze and report the building performance. Thus, the system 
integration is critical, which can help the BMS to provide automatic functional 
control and maintain the building’s daily operation. (Resp#1). 
 
 Stakeholders’ knowledge and financial capability 
 
I believe that the stakeholders’ knowledge is a critical factor in retrofitting projects. 
In the Kingston project, we knew what we wanted. With the chiller and controls, I 
told my consultant and designer that I wanted a chiller which was efficient. If they 
can match the efficiency of the one we were looking at, I am happy to look else. For 
the controls, I told them that I wanted a native back-net system. They can easily do 
maintenance and repair if you request. So, if the client knows more about the 
retrofits, it will help organise the retrofitting project. (Resp#1). 
 
And also, stakeholders’ financial capability is another significant impact. For us, 
we bought the chillers. But we told the delivery to leave the chiller to their factory 
and we asked the contractor to pick it up. That was quick. If we ask the other way 
to buy, by the timing goes to tender with the specifications, three months will be 
down to the track. I think they have six steps from the ordering to getting bills. We 
didn’t have that much time, so we bought the chiller to make thing faster. So it is 
not hard to understand that the financial capability of stakeholders will make the 
project goes smoothly, especially from client’s side. The only risk of there, if 
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something did not work, the contractor could say that is your responsibility 
because you bought the chiller. We had done the similar things with the generator, 
so we had the experiences, which gave us some confidences to do it. (Resp#1). 
 
 Team preparedness for green HVAC retrofits 
 
When you look these HVAC systems, you cannot go with the original floor plan. 
There were a lot of changes. You got a problem sometime what the software or the 
systems tell you to do, but it did not mean it was doing that. You had to verify 
everything that was working according to what was that. It was very hard to be 
able to understand. So, team preparedness for retrofits was needed. (Resp#4). 
 
In order to know how the building operated, what was operating and what was not 
operating, it needed a lot of work to do energy auditing and energy basement 
assessment comprehensively. Pre-survey was very helpful but it took a long time. 
You have to do it. In some cases, the pre-survey was conducted very quickly. It was 
not very comprehensive in details, which made issues when the project came to 
next stage. And those jobs had to be done again. It was a waste of time. So I agree 
that the preparedness is very important. (Resp#3). 
 
We did extensive preparedness before the Kingston office HVAC retrofit started. 
For example, in order to measure the airflow of each VAV box, we put extra 
sensors in. But, we faced a problem that a lot of the fan systems in VAV boxes were 
not working, some of them even were not connected. So, we had to go through the 
whole floors and checked up to 200 VAV boxes, in order to make sure everything 






 Contractors’ & designers’ experience in HVAC retrofits with new technologies 
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…The most difficult part was to get a consultant to do your specifications. 
According to the best technologies in the building, as I said before, the consultants 
were only stuck to the things they were comfortable. There were too many options, 
and they might not know every option. So, they only stick the option that they were 
comfortable with. Thence, the experiences of consultants and designers with the 
new technologies play a vital role affecting the HVAC retrofits. (Resp#1) 
 
The consultants and also the reliable contractors who had the past experiences in 
similar projects were very important. (Resp#4). 
 
 
 HVAC retrofit-focused documentation and relationship management 
 
The next big issue is, talking the HVAC, the ability of understanding the building. 
The problem of the retrofit is that the building get built and designed. Sometime the 
design has changed. For example, they put in new meeting rooms. The amount of 
the meeting rooms were totally different from the original plan based. So, in order 




 Contractors’ and designers’ sufficient resources for on-time and on-budget project 
delivery 
 
When we chose the contractor and the designer, we decided to choose them from 
the big companies and construction companies. They were currently buy-able and 




 Stakeholders’ commitment to project goals 
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Yes, stakeholders’ commitments to project goal is very important because we are 




6.5.2 Reflection of the participants’ satisfaction with respect to the systematic 
approach  
 
A small questionnaire was designed and used to gather information on the participants’ 
ratification with respect to: 
 The ANP decision model; 
 The interrelationships between the important attributes and factors; 
 The systematic toolkit. 
 
Seven participants were invited to provide their feedback. The participants consisted of 
clients, designers, and contractor, which are the main representatives of the stakeholders in 
HVAC retrofits. The selected participants must have robust knowledge and extensive 
experience of HVAC retrofits, which can provide beneficial feedbacks. The questionnaire 
is attached in Appendix E. In responding to the questionnaire, respondents were invited to 
indicate their degree of satisfaction with the results.  The level of satisfaction was 
measured on a 5-point Likert scale, where 1 represents not at all, 2 to a little extent, 3 to 
some extent, 4 to a great extent, and 5 to a very great extent. An analysis of the participants’ 
responses and a graphical representation of the results are given in Table 6.3 and Figure 
6.15 respectively.  
 
 
Table 6.3 Experts’ responses on degree of satisfaction 
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 Questions  1 2 3 4 5 6 7 8 9 
Mean 4.14  3.57  4.43  3.14  3.14  3.29  3.86  4.14  4.14  
% of each intensity occurrence 
Intensities (1) Not at all 0 0 0 0 0 0 0 0 0 
(2) To a little extent 0 0 0 0 0 0 0 0 0 
(3) To some extent 0 43 0 86 86 71 14 0 0 
(4) To a great extent 86 57 57 14 14 29 86 86 86 
(5) To a very great extent 14 0 43 0 0 0 0 14 14 
 
 
Figure 6.15 Graphical representation of experts’ responses 
 
The overall results can be viewed as reflecting a very positive attitude, as the means of 6 
out of 9 questions exceed 3.5 on the 5-point scale and 4 out of 9 exceed 4. Analyses of the 
responses of all questions are given below: 










% of each intensity occurrence
Que
stio
ns (1) Not at all(2) To a little extent
(3) To some extent
(4) To a great extent
(5) To a very great extent
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The responses to question 1 “Do you think the adopted attributes and factors helped you 
gain a better understanding of the problems associated with HVAC retrofits?” were “to a 
great extent” and “to a very great extent”. The mean value was 4.14, which is the second 
highest shown in Table 6.3. It shows that the adopted attributes and factors were useful and 
provide a good understanding of the problems associated with HVAC retrofits. 
 
In respect to question 2 “Do you think that the different perspectives of stakeholders 
helped you gain a better understating of the conflicts among stakeholders?”, the answers 
were “to a great extent” and “to a very great extent”. This shows that the different 
perspectives of stakeholders enabled them to be more informed about the problems 
encountered in HVAC retrofit projects. The highest mean value of 4.42 among all the 
questions was related to question 3 “Do you think that the relationships between attributes 
and factors could help clients or other stakeholders make decisions more easily?” This 
indicates that the relationships between attributes and factors gave them a clear insight into 
the decision-making process. 
 
The results of question 4 “Do you think that the ANP is a good technique for stakeholders 
evaluating HVAC retrofit projects?” show that more than half of the respondents (86%) 
answered “to some extent”, indicating their interest in the ANP decision model.  
 
In terms of question 5 “Did you find the pairwise comparison easy to follow?” and 
question 6 “Do you think group decision-making is more useful than individual decision-
making in problems associated with HVAC retrofits?” most responses were “to some 
extent” and fewer responses were “to a great extent”. Understandably, this could be the 
limited time. The participants were not familiar with these techniques, and also lacked 
formal training in such methods. However, participants were positive about the results of 
the ANP model, because 71% of the participants’ answers were “to some extent” and 29% 
of the participants’ answers were “to a very great extent” regarding question 7 “Are you 
confident with the results obtained through the ANP model?” 
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Finally, the degree of satisfaction with the outcomes in this study was high. The mean 
values of responses to questions 8 “Do you find the toolkit useful?” and question 9 “Did 
you find the whole study valuable?” were 4.14 for both, which ranked second. 86% of the 
participants expressed the comment “to a great extent”. 
 
In summary, the feedback from the questionnaire demonstrated the participants’ 
satisfaction with the ANP approach and the systematic approach to assessment of HVAC 
retrofitting projects and good acceptance of the results. 
 
 
6.6 Chapter summary  
 
This chapter has discussed the results in detail and reported the empirical findings of the 
survey and ANP model. In this research, seven attributes and eight factors were identified. 
By adopting an ANP approach, the final priorities and relationships between factors were 
revealed. The relationships between the attributes and factors were also examined. Then, a 
toolkit capturing the outcomes was developed for selecting sustainability features in green 
HVAC retrofit projects for an expected level of performance. Finally, validation was 
conducted to explore the applicability of the systematic toolkit. The findings presented in 
this chapter provide responses to research questions 1, 2, and 3.  
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This chapter summarizes the conclusions and presents recommendations for further study. 
The research aim and objectives are first reviewed, followed by a summary of the general 
conclusions of this study, which shows how the aim and objectives of this research have 
been met. It also presents the contributions, and discusses the significance and limitations 
of the research. Finally, it concludes the study by suggesting potential areas for future 
research. 
 
7.2 Review of research objectives 
 
HVAC retrofitting is one of the main approaches to improve HVAC energy efficiency and 
reduce greenhouse gas emissions. Various new retrofitting technologies for HVAC 
systems have emerged that aim to reduce energy consumption and greenhouse emissions. 
But the outcomes of retrofits often differ from the expected performance, with some 
succeeding, and some failing to meet the expected targets. This is to some extent due to the 
relatively less knowledge of and limited experience in the design and construction of these 
technologies in HVAC systems. Moreover, the lack of a systematic assessment approach 
and limited guidelines make it hard to define the behaviour of each component of HVAC 
systems. These knowledge gaps and practical deficiencies have in the past prevented 
practitioners from selecting appropriate HVAC retrofitting measures. Therefore, this 
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research aims to develop a toolkit for use in green HVAC retrofitting for an expected level 
of performance. In order to achieve the primary aim of this research, the following 
objectives were established:  
1. Important attributes affecting client decision-making in HVAC retrofits were 
identified in Chapter 4; 
2. Important factors influencing the planning, design, construction, and operation 
and maintenance of retrofitted HVAC systems were identified in Chapter 4; 
3. Stakeholders' perspectives on key performance attributes and critical success 
factors were investigated in Chapter 4; 
4. The relationships between the key performance attributes and critical success 
factors were explored in Chapter 4; 
5. An ANP HVAC retrofitting assessment model was developed in Chapter 5; 
6. A toolkit capturing the above outcomes, which can be used in green HVAC 
retrofitting for an expected level of performance, was developed and refined in 
Chapter 6. 
 
7.3 Research Conclusions 
 
The research objectives have been achieved mainly through a literature review and 
questionnaire surveys. Findings from the research can be categorized into four areas, 
which are summarized in the following sections. 
 
7.3.1 Important attributes 
 
26 preliminary attributes affecting client decision-making on HVAC retrofits were 
identified through a literature review and a pilot study. Mean rankings and t-tests were 
conducted to elicit the key items from the 26 attributes in Chapter 4. The findings of the 
research show that all of the attributes were regarded as KPAs in HVAC retrofitting by 
most respondents. Nest, factor analysis was used to reduce the number of KPAs, creating 
new dimensions by grouping highly correlated KPAs. The seven most important attributes 
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influencing client decision-making on HVAC retrofits identified by factor analysis were (1) 
achieving overall sustainability targets, (2) improved building value and corporate image, 
(3) low operating & maintenance costs and short pay-back period, (4) improved workplace 
environment, (5) low capital investment and low life-cycle cost, (6) improved building 
flexibility and user productivity, and (7) availability of policies and regulations guiding 
HVAC retrofits. These seven important attributes represent the clients’ expectations, 
which may help clients to identify green retrofitting opportunities in their existing building 
stock.  
With respect to different target groups of people, a notable result was that there was 
consensus on ranking of the importance of the seven attributes among the various 
stakeholders from the HVAC industry (clients, contractors and designers).  
 
7.3.2 Important factors 
 
Similarly, 51 preliminary factors affecting HVAC retrofitting were identified through a 
literature review and a pilot study. Mean rankings and t-tests were conducted on the 
critical items from the 51 factors in Chapter 4. The findings show that 29 of the factors 
were regarded as CSFs in HVAC retrofitting by most respondents. Nest, factor analysis 
was used to reduce the number of CSFs, creating new dimensions by grouping highly 
correlated CSFs. The eight most important factors affecting HVAC retrofits identified by 
factor analysis were (1) general project organization skills and teamwork, (2) control 
flexibility and system integration of retrofitted HVAC, (3) stakeholders’ knowledge and 
financial capability, (4) team preparedness for green HVAC retrofits, (5) contractors’ & 
designers’ experience in HVAC retrofits with new technologies, (6) HVAC retrofit- 
focused documentation and relationship management, (7) sufficient contractors’ & 
designers’ resources for on-time and on-budget project delivery, and (8) stakeholders’ 
commitment to project goals. 
In Chapter 4 ANOVA statistical analysis was used to determine whether significant 
differences exist among clients, designers and contractors on the cluster of factors. Two 
important factors were identified: “general project organization skills and teamwork”, and 
“contractors’ and designers’ experience in HVAC retrofits with new technologies”. Post-
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hoc testing revealed disagreement between clients and contractors. Contractors considered 
“general project organization skills and teamwork” more important than clients did, while 
clients considered “contractors’ and designers’ experience in HVAC retrofits with new 
technologies” more important than contractors did.  
 
7.3.3 Relationships between attributes and factors  
 
As indicated in Chapter 4, the conclusion is that certain factors are major contributors to 
the attributes, whilst some factors have less impact. Each attribute can be identified as an 
expectation of clients. According to the contents of the seven attributes, the expectations of 
clients can be conveniently categorized under four headings: primary goal, cost- 
effectiveness, improved building value and functionality, and policy and regulation 
support. The relationships between the attributes and factors revealed that, in the fulfilment 
of each expectation of clients, stakeholders know what they have to do is fully committed 
to the joint effort. The findings are summarised below: 
 In the fulfilment of the primary project aim, contractors’ and designers’ 
experiences, stakeholders’ knowledge, financial capability, project preparation 
and documentation, and project relationship management are crucial areas; 
 
 Skilled project organization and teamwork, and comprehensive project 
preparation will help stakeholders communicate effectively in the selection of 
green HVAC technologies and the method of construction. Furthermore, 
commitments and sufficient resources can ensure the project proceed smoothly. 
These factors can establish a well-functioning process of cooperation, in which 
all parties are able to work together, support each other and solve problems 
effectively.  In summary, a project team should pay a great deal of attention to 
the aforementioned factors if the clients expect the performance of retrofitted 
HVAC to be cost-effective; 
 
 A sound working relationship between stakeholders, the technical benefits of 
retrofitted HVAC, sufficient resources, and stakeholders’ capability positively 
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influence the performance of the retrofitted HVAC, thereby improving building 
value and corporate image. The findings provide useful information for HVAC 
practitioners, especially clients, if they wish to remain competitive in the 
marketplace and maintain asset value; 
 
 The availability of policies and regulations will increase the willingness of 
building owners to pay for retrofits, if there is financial support from the 
government. At the same time, stakeholders’ knowledge of HVAC retrofitting 
and financial capability can ensure that policies and regulations are implemented.  
“Policy and regulation support” and “stakeholders’ knowledge and financial 
capability” are interrelated.   
 
 
7.3.4 ANP decision-making model and the relationships between attributes and 
factors 
 
As described in Chapter 5, an ANP approach was used in this research to develop a model 
to examine the interrelationships among CSFs. The following conclusions can be drawn 
based on the proposed model. The CSFs with higher priorities can be identified as more 
important, and determine the higher level of success of HVAC retrofits. Therefore, the 
most important CSFs are: familiarity with new HVAC technology design-related policies 
and regulations, familiarity with new HVAC technology construction-related work, 
experience of using new HVAC technologies, availability of personnel resources, 
commitment to on-time and on-budget project delivery, commitment of the HVAC 
designer to achieve project goals and objectives, and commitment of the HVAC contractor 
to achieve project goals and objectives. This demonstrates that better results of HVAC 
retrofitting projects are mainly driven by improvement in designers’ & contractors’ level 
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7.3.5 A toolkit for green HVAC retrofitting 
 
A systematic approach has been proposed in Chapter 6, based on a literature review, the 
results of the questionnaire and the ANP decision-making model. The approach can be 
used to identify, determine and implement the best retrofitting measures for existing 
HVAC systems. It can also be used for retrofitting any type of HVAC requiring minor 
modifications. The overall retrofit toolkit consists of two parts: (a) major retrofit activities 
in the entire HVAC retrofitting process, and (b) strategies and decision-making methods. 
The strategies and decision-making methods provide necessary information and resource 
support for retrofitting activities. The integrated toolkit for green HVAC retrofitting 




7.4 Contributions of the research 
 
7.4.1 Contributions to academic knowledge  
 
This study has contributed to new knowledge and improved understanding of HVAC 
retrofitting in four areas: (1) the seven important attributes and eight important factors can 
not only help clients evaluate green HVAC retrofit opportunities but also provide 
stakeholders with comprehensive information to assess the performance of retrofitted 
HVACs; (2) the different stakeholders’ perspectives on a green retrofit project can 
improve stakeholders’ awareness of potential conflicts in HVAC retrofit projects, and 
ensure that the different expectations, agendas and interrelationships are well understood 
and managed; (3) the relationships between the attributes and the factors can provide 
valuable information for stakeholders, and in the fulfilment of the expectations of clients, 
stakeholders will know that what they have to do is fully committed to the joint effort; (4) 
the ANP technique provides effective solutions and enables the evaluation of  the success 
of HVAC retrofits.  
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7.4.2 Significance for industry sector 
 
This research also has significance for the industry sector. The proposed toolkit, which 
comprises strategies, decision-making methods and major retrofitting activities, outlines a 
systemic process for stakeholders to implement the planning, design, construction, 
operation and maintenance of HVAC retrofit projects.  
 
 
7.5 Limitations of the research 
 
There are two main limitations to this study, and these are discussed in the following 
sections 
 
 Sample size 
 
The research methodology adopted in this thesis imposed certain limitations. The 
size of the sample for this research was limited. As a general rule in factor 
analysis, the minimum is to have at least five times as many observations as the 
number of variables to be analysed, and a more acceptable sample size would 
have a 10:1 ratio. In this research, the sample size achieved was five times the 
number of variables. Since the HVAC retrofit industry is new and developing, a 
large sample of professionals was not available. Only a very limited number of 
experts could be identified for the surveys. The major groups of experts were 
design consultants and contractors, together with a small number of developers 
and facility managers who work for clients.  
 
 Validation of the results 
 
Due to the limited time, one case project was introduced to validate the results of 
this research. This case project was completed. The feedback obtained was mostly 
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in the post-retrofit stage. In future research, more case studies based on a real 
HVAC retrofit project are recommended. They could be in the planning and 
design stage, the construction stage or the operation & maintenance stage. By 
comparing real activities in HVAC retrofit projects with the strategies and 
methods proposed in the toolkit, our toolkit could be further improved and refined.  
 
 
7.6 Suggestions for future research 
 
This study provides a platform for further studies and debate. Some possible directions for 
future research are as follows: 
 The important attributes and factors of HVAC retrofitting projects were identified 
in this research. These results were obtained from 144 copies of answered 
questionnaires. Although the sample size met the minimum requirement of factor 
analysis that the number of observations is at least five times as the number of 
variables to be analysed, a more acceptable sample size would have a 10:1 ratio. 
Further research can carry out a larger sample size research to validate them. Also, 
it is recommended to choose a variety of HVAC retrofitting projects and further 
investigate the importance of the attributes and factors in the projects.  
 The toolkit proposed in this research could be further improved and refined by 
applying it to more real HVAC retrofit projects. In this research, only one case 
project was introduced to validate the results of this research due to the limited 
time. This case project was completed. The feedback obtained was mostly in the 
post-retrofit stage. In future research, more case studies based on a real HVAC 
retrofit project are recommended. More data in the future can be investigated 
from the different stage of HVAC retrofitting projects, such as the planning and 
design stage, the construction stage or the operation & maintenance stage. 
Investigation of the attributes affecting the clients’ decisions in HVAC retrofitting 
projects and the factors influencing the performance of the retrofitted HVAC can 
be conducted in a variety of case projects. The developed ANP approach can be 
applied in different decision-making projects, in order to improve the feasibility. 
  Page 200    
Also, validation of the relationship between the attributes and factors will a 
research topic which can be further studied. Thus, these feedbacks from the 
further studies can improve and refine the toolkit proposed in this research. 
 This research could be expanded to whole building retrofits, which could involve 
all the components of buildings, not only the HVAC systems.  
 In this research, respondents were chose from Australia, China, and UK and other 
developed countries. HVAC practitioners from three geographical areas may have 
different opinions regarding the attributes and factors in the retrofitting projects. 
Thus, the different views of the importance of the attributes and factors can be 
investigated in the further research, in order to find out whether there is variability 
in views expressed based on country. 
 More decision-making methods could be explored to evaluate HVAC retrofit 
projects. ANP is one of the approaches based on the Multi-attribute Utility Theory 
(MAUT). The weights associated with the criteria can properly reflect the relative 
importance of the criteria only if the scores aij are from a common, dimensionless 
scale. Apart from ANP, there are two typical methods based on MAUT, namely, 
simple multi attribute rating technique and generalized means. The two methods 
can be further studied in the future research. 
 




AEPCA (2004). A Best Practice Guide to Measurement and Verification of Energy Savings South Melbourne, Australia, Australasian Energy Performance Contracting Association.  Alexander, D., P.Eng. & O’Rourke, M. (2008). Design Considerations For Active Chilled Beams. ASHRAE Journal, 50, 50-54.  Aron, A., Coups, E. & Aron, E. N. (2013). Statistics for The Behavioral and Social Sciences: A Brief Course (5th Edition), Harlow, United Kingdom, Pearson Education Limited   Arpke, A. & Strong, K. (2006). A comparison of life cycle cost analyses for a typical college dormitory using subsidized versus full-cost pricing of water. Ecological Economics, 58, 66-78.  AS/NZS (2000). Australian/New Zealand Standard: Energy Audits (AS/NZS 3598:2000), New Zealand, Standards Australia International Ltd and Standards.  Asadi, E., da Silva, M. G., Antunes, C. H. & Dias, L. (2012). Multi-objective optimization for building retrofit strategies: A model and an application. Energy and Buildings, 44, 81-87.  Ascione, F., de Rossi, F. & Vanoli, G. P. (2011). Energy retrofit of historical buildings: theoretical and experimental investigations for the modelling of reliable performance scenarios. Energy and Buildings, 43, 1925-1936.  ASHRAE (2000). HVAC systems and equipment handbook, Atlanta, American Society of Heating, Refrigerating and Air-conditioning Engineers, Inc.  ASHRAE (2015). ASHRAE Handbook—HVAC Applications, Atlanta, American Society of Heating, Refrigerating and Air-conditioning Engineers, Inc.  Avgelis, A. & Papadopoulos, A. M. (2009). Application of multicriteria analysis in designing HVAC systems. Energy and Buildings, 41, 774-780.  Azar, E. & Menassa, C. C. (2012). A comprehensive analysis of the impact of occupancy parameters in energy simulation of office buildings. Energy and Buildings, 55, 841-853.  Baetens, R., Jelle, B. P., Gustavsen, A. & Grynning, S. (2010). Gas-filled panels for building applications: A state-of-the-art review. Energy and Buildings, 42, 1969-1975. 
  Page 202    
Barclay, C. & Osei-Bryson, K.-M. (2010). Project performance development framework: An approach for developing performance criteria &amp; measures for information systems (IS) projects. International Journal of Production Economics, 124, 272-292.  Bartlett, M. S. (1954). A note on multiplying factors for various chi-squared approximations. Joural of the Royal Statistical Society, 296–298 
 Beattie, M. (2009). Retro-greening – time for a tune-up. Available: http://www.yourbuilding.org/Article/NewsDetail.aspx?p=83&mid=1616.  Bediawan, D. (2003). Determinants of process innovation on construction projects from contractors' perspective. PhD thesis, Queensland University of Technology.  Belassi, W. & Tukel, O. I. (1996). A new framework for determining critical success/failure factors in projects. International Journal of Project Management, 14, 141-151.  Bernstein, H. M. & Russo, M. A. (2009). Green building retrofit & renovation: rapidly expanding market opportunities through existing buildings, McGraw Hill Construction.  Bitter, F. & Fitzner, K. (2002). Odour emissions from an HVAC-system. Energy and Buildings, 34, 809-816.  Bordens, K. S. & Abbott, B. B. (2007). Research design and methods: A process approach (7 edition), New York, McGraw-Hill.  Bosch, S. & Pearce, A. (2003). Sustainability in public facilities: analysis of guidance documents. Journal of Performance of Constructed Facilities, 17, 9-18.  Buys, J. H. & Mathews, E. H. (2005). Investigation into capital costs of HVAC systems. Building and Environment, 40, 1153-1163.  Chan, A., Scott, D. & Chan, A. (2004). Factors affecting the success of a construction project. Journal of Construction Engineering and Management, 130, 153-155.  Chan, E. H. W., Qian, Q. K. & Lam, P. T. I. (2009). The market for green building in developed Asian cities—the perspectives of building designers. Energy Policy, 37, 3061-3070.  Chau, C. K., Burnett, J. & Lee, W. L. (2000). Assessing the cost effectiveness of an environmental assessment scheme. Building and Environment, 35, 307-320.  Chen, S. & Demster, S. (eds.) 1996. Variable air volume systems for environmental quality New York: McGraw-Hill.  
  Page 203    
Chen, Z., Clements-Croome, D., Hong, J., Li, H. & Xu, Q. (2006). A multicriteria lifespan energy efficiency approach to intelligent building assessment. Energy and Buildings, 38, 393-409.  Chidiac, S. E., Catania, E. J. C., Morofsky, E. & Foo, S. (2011a). Effectiveness of single and multiple energy retrofit measures on the energy consumption of office buildings. Energy, 36, 5037-5052.  Chidiac, S. E., Catania, E. J. C., Morofsky, E. & Foo, S. (2011b). A screening methodology for implementing cost effective energy retrofit measures in Canadian office buildings. Energy and Buildings, 43, 614-620.  Cho, R. F. (2000). Intelligent building systems in Hong Kong, Hong Kong.  Citherlet, S., Clarke, J. A. & Hand, J. (2001). Integration in building physics simulation. Energy and Buildings, 33, 451-461.  Clements-Croome, D. (2013). Intelligent Buildings: An Introduction, UK, Routledge.  Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2nd Edition), Hillsdale, New Jersey, Lawrence Erlbaum Associates.  CoM. (2010). 1200 buildings [Online]. City of Melbourne. Available: https://www.melbourne.vic.gov.au/1200buildings/what/Pages/RetrofitTechnologies.aspx [Accessed 05.06 2012].  Comrey, A. L. & Lee, H. B. (1992). A First Course in Factor Analysis (2nd Edition), Hillsdale, New Jersey, Lawrence Erlbaum Associates.  Crawley, D. B., Hand, J. W., Kummert, M. & Griffith, B. T. (2008). Contrasting the capabilities of building energy performance simulation programs. Building and Environment, 43, 661-673.  CWA (2010). Australian Carbon Trust Report: Commercial buildings emissions reduction opportunities, Sydney, Climate Works Australia.  Dağdeviren, M. & Yüksel, İ. (2010). A fuzzy analytic network process (ANP) model for measurement of the sectoral competititon level (SCL). Expert Systems with Applications, 37, 1005-1014.  Dascalaki, E. & Santamouris, M. (2002). On the potential of retrofitting scenarios for offices. Building and Environment, 37, 557-567.  Davis, K. (2014). Different stakeholder groups and their perceptions of project success. International Journal of Project Management, 32, 189-201.  De Vaus, D. (2001). Research Design in Social Research (1st Edition), London, SAGE Publications Ltd.  
  Page 204    
Dimoudi, A. & Tompa, C. (2008). Energy and environmental indicators related to construction of office buildings. Resources, Conservation and Recycling, 53, 86-95.  Dixon, T. & Eames, M. (2013). Scaling up: the challenges of urban retrofit. Building Research & Information, 41, 499-503.  Doukas, H., Nychtis, C. & Psarras, J. (2009). Assessing energy-saving measures in buildings through an intelligent decision support model. Building and Environment, 44, 290-298.  Eames, P. (2009). Multi-foil insulation, UK, Department for Communities and Local Government.  EEGO (2007). Energy Efficiency in Government Operations Policy, Melbourne, Department of the Enviroment and Water Resources Australian Greenhouse Office.  Ekanayake, L. L. & Ofori, G. (2004). Building waste assessment score: design-based tool. Building and Environment, 39, 851-861.  Ellis, M. W. & Mathews, E. H. (2002). Needs and trends in building and HVAC system design tools. Building and Environment, 37, 461-470.  Erpelding, B. (2008). Monitoring chiller plant performance. ASHRAE Journal, 4, 48-52.  EVO (2007). International Performance Measurement & Verification Protocol Concepts and Options for Determining Energy and Water Savings, Washington, DC, USA, Efficiency Valuation Organization.  Farreny, R., Gabarrell, X. & Rieradevall, J. (2008). Energy intensity and greenhouse gas emission of a purchase in the retail park service sector: An integrative approach. Energy Policy, 36, 1957-1968.  Fellows, R. & Liu, A. (2008). Research methods for constuction (3rd Edition), Oxford, United Kingdom, Blackwell Publishing.  Fisk, W. J. (2000). Review of health and productivity gains from better IEQ, Healthy Buildings 2000, Helsinki, Finland. 23-24. 
 Flourentzou, F., Genre, J. L. & Roulet, C. A. (2002). TOBUS software — an interactive decision aid tool for building retrofit studies. Energy and Buildings, 34, 193-202.  Flourentzou, F. & Roulet, C. A. (2002). Elaboration of retrofit scenarios. Energy and Buildings, 34, 185-192.  Fusion (2010). A review of retrofit technologies, UK, Salford Centre for Research & Innovation in the Building & Human Environment, University of Salford.  Gamtessa, S. F. (2013). An explanation of residential energy-efficiency retrofit behavior in Canada. Energy and Buildings, 57, 155-164. 
  Page 205    
 GBGL (2008). Green Buildings and Green Leases - What Government Agencies Need to Know Melbourne, Victorian Government Solicitor's Office.  Gero, J. S., D'Cruz, N. & Radford, A. D. (1983). Energy in context: A multicriteria model for building design. Building and Environment, 18, 99-107.  Goodacre, C., Sharples, S. & Smith, P. (2002). Integrating energy efficiency with the social agenda in sustainability. Energy and Buildings, 34, 53-61.  Gorsuch, R. L. (1983). Factor Analysis, Hillsdale, New Jersey, Lawrence Erlbaum Associates.  Haapio, A. & Viitaniemi, P. (2008). A critical review of building environmental assessment tools. Environmental Impact Assessment Review, 28, 469-482.  Hair, J. F., Black, W. C., Babin, B. J. & Anderson, R. E. (2010). Multivariate data analysis (seventh edition), Englewood Cliffs, NJ, USA, Prentice Hall.  Harris, J., Anderson, J. & Shafron, W. (2000). Investment in energy efficiency: a survey of Australian firms. Energy Policy, 28, 867-876.  Heo, Y., Choudhary, R. & Augenbroe, G. A. (2012). Calibration of building energy models for retrofit analysis under uncertainty. Energy and Buildings, 47, 550-560.  Hestnes, A. G. & Kofoed, N. U. (2002). Effective retrofitting scenarios for energy efficiency and comfort: results of the design and evaluation activities within the OFFICE project. Building and Environment, 37, 569-574.  Holt, G. D. (1997). Construction research questionnaires and attitude measurement: relative index or mean? Journal of Construction Procurement, 3, 88–96.  IEA. (2013). International Energy Agency [Online]. Available: http://www.iea.org/ [Accessed 05. 06 2013].  Jharkharia, S. & Shankar, R. (2007). Selection of logistics service provider: An analytic network process (ANP) approach. Omega, 35, 274-289.  Johansson, D. (2009). The life cycle costs of indoor climate systems in dwellings and offices taking into account system choice, airflow rate, health and productivity. Building and Environment, 44, 368-376.  Jones, P., Lannon, S. & Patterson, J. (2013). Retrofitting existing housing: how far, how much? Building Research & Information, 41, 532-550.  Juan, Y.-K., Gao, P. & Wang, J. (2010). A hybrid decision support system for sustainable office building renovation and energy performance improvement. Energy and Buildings, 42, 290-297.  
  Page 206    
Kahn, R. L. & Cannell, C. F. (1957). The dynamics of interviewing; theory, technique, and cases, Oxford, England, John Wiley & Sons.  Kaiser, H. F. (1970). A second generation little jiffy. Psychometrika, 35, 401-415.  Kaiser, H. F. (1974). An index of factorial simplicity. Psychometrika, 39, 31-36.  Kamiuto, K., Miyamoto, T. & Saitoh, S. (1999). Thermal characteristics of a solar tank with aerogel surface insulation. Applied Energy, 62, 113-123.  Karlsen, J. T., Græe, K. & Massaoud, M. J. (2008). Building trust in project‐stakeholder relationships. Baltic Journal of Management, 3, 7-22.  Kats, G. (2008). Landmark international green building study finds benefits of building green outweigh cost premium, PR Newswire.  Kats, G., Alevantis, L., Berman, A., Mills, E. & Perlman, J. (2003). The Costs and Financial Benefits of Green Buildings - A Report to California's Sustainable Building Task Force, USA, Capital E.  Kim, J.-O. & Mueller, C. W. (1978). Factor Analysis: Statistical Methods and Practical Issues, London, SAGE Publications.  Kline, P. (1994). An Easy Guide to Factor Analysis (1st Edition) New York, Routledge.  Kneifel, J. (2010). Life-cycle carbon and cost analysis of energy efficiency measures in new commercial buildings. Energy and Buildings, 42, 333-340.  Korolija, I., Marjanovic-Halburd, L., Zhang, Y. & Hanby, V. I. (2011). Influence of building parameters and HVAC systems coupling on building energy performance. Energy and Buildings, 43, 1247-1253.  Lee, H., Lee, S. & Park, Y. (2009). Selection of technology acquisition mode using the analytic network process. Mathematical and Computer Modelling, 49, 1274-1282.  Li, J. & Colombier, M. (2009). Managing carbon emissions in China through building energy efficiency. Journal of Environmental Management, 90, 2436-2447.  Liu, C.-M., Liou, M.-L., Yeh, S.-C. & Shang, N.-C. (2009). Target-aimed versus wishful-thinking in designing efficient GHG reduction strategies for a metropolitan city: Taipei. Energy Policy, 37, 400-406.  Loe, E. (1996). Proving the benefits - justifying the costs of intelligent systems. Facilities, 14, 17-25.  Ma, Z., Cooper, P., Daly, D. & Ledo, L. (2012). Existing building retrofits: Methodology and state-of-the-art. Energy and Buildings, 55, 889-902.  Ma, Z. & Wang, S. (2009). Building energy research in Hong Kong: A review. Renewable and Sustainable Energy Reviews, 13, 1870-1883. 
  Page 207    
 Ma, Z. & Wang, S. (2011). Online fault detection and robust control of condenser cooling water systems in building central chiller plants. Energy and Buildings, 43, 153-165.  Meade, L. M. & Sarkis, J. (1999). Analyzing organizational project alternatives for agile manufacturing processes: An analytical network approach. International Journal of Production Research, 37, 241-261.  Menassa, C. C. (2011). Evaluating sustainable retrofits in existing buildings under uncertainty. Energy and Buildings, 43, 3576-3583.  Miller, E. & Buys, L. (2008). Retrofitting commercial office buildings for sustainability: tenants' perspectives. Journal of Property Investment & Finance, 26, 552-561.  Mitchell, M. (2009). HVAC retrofitting for green refurbishments in occupied buildings, Melbourne, A.G. Coombs.  Morrissey, J. & Horne, R. E. (2011). Life cycle cost implications of energy efficiency measures in new residential buildings. Energy and Buildings, 43, 915-924.  Moser, C. S. & Kalton, G. (1985). Survey methods in social investigation (2nd edition), New York Routledge.  Mozzo, M. A. (1999). Measurement and verification of savings in performance contracting. Energy Engineering, 96, 33.  Newton, P. W. 2003. Regenerating cities: technological and design innovation for Australian suburbs.  Nguyen, B. K. & Altan, H. (Year). Comparative Review of Five Sustainable Rating Systems. Procedia Engineering, // 2011. 376-386.  Ning, M. & Zaheeruddin, M. (2010). Neuro-optimal operation of a variable air volume HVAC&amp;R system. Applied Thermal Engineering, 30, 385-399.  Niu, J. L., Zhang, L. Z. & Zuo, H. G. (2002). Energy savings potential of chilled-ceiling combined with desiccant cooling in hot and humid climates. Energy and Buildings, 34, 487-495.  Norusis, M. (2009). SPSS Advanced Statistics 17.0, Chicago, IL, USA, Prentice Hall.  Oishi, S. M. & Frey, J. H. (1995). How to Conduct Interviews by Telephone and in Person, Thousand Oaks, Sage Publications.  Orme, M. (2001). Estimates of the energy impact of ventilation and associated financial expenditures. Energy and Buildings, 33, 199-205.  Pallant, J. (2007). SPSS survival manual : a step by step guide to data analysis using SPSS, Sydney.  
  Page 208    
Qian, Q. K., Chan, E. H. W. & Xu, P. (2011). Market expectations and policy deficiencies in the promotion of building energy efficiency in China. Journal of Facilities Management, 9, 230-248.  Raftery, P., Lee, K. H., Webster, T. & Bauman, F. (2011). Performance analysis of an integrated UFAD and radiant hydronic slab system. Applied Energy, In Press, Corrected Proof.  Rey, E. (2004). Office building retrofitting strategies: multicriteria approach of an architectural and technical issue. Energy and Buildings, 36, 367-372.  Roosa, S. A. (2002). Measurement & Verification Applications: Option “A” Case Studies. Energy Engineering, 99, 57-73.  Roulet, C. A., Flourentzou, F., Labben, H. H., Santamouris, M., Koronaki, I., Dascalaki, E. & Richalet, V. (2002). ORME: A multicriteria rating methodology for buildings. Building and Environment, 37, 579-586.  Russo, R. (2003). Statistics for the Behavioural Sciences: An Introduction (1st Edition), New York, Psychology Press.  Saaty, R. W. (2003). Decision making in  complex environments: The analytic hierarchy process (AHP) for decision making and the analytic network process (ANP) for decision making with dependence and feedback, Pittsburgh, RWS Publications.  Saaty, T. L. (1980). The Analytic Hierarchy Process: Planning, Priority Setting, Resource Allocation  (2nd Edition), New York, McGraw-Hill.  Saaty, T. L. (2001). Decision Making with Dependence and Feedback: The Analytic Network Process (2nd Edition), Pittsburgh, Rws Publications.  Saaty, T. L. (2005). Theory and Applications of the Analytic Network Process: Decision Making with Benefits, Opportunities, Costs, and Risks (3rd Edition), Pittsburgh, RWS Publications.  Saaty, T. L. (2010). Mathematical Principles of Decision Making (Principia Mathematica Decernendi), Pittsburgh, RWS Publications.  Salkind, N. J. ( 2013). Statistics for People Who(Think They) Hate Statistics (5th Edition), Thousand Oaks, SAGE Publications, Inc.  Santamouris, M., Pavlou, C., Doukas, P., Mihalakakou, G., Synnefa, A., Hatzibiros, A. & Patargias, P. (2007). Investigating and analysing the energy and environmental performance of an experimental green roof system installed in a nursery school building in Athens, Greece. Energy, 32, 1781-1788.  Saris, W. E. & Gallhofer, I. N. (2007). Design, Evaluation, and Analysis of Questionnaires for Survey Research, New York, Wiley.  
  Page 209    
Scarnati, J. T. (2001). On becoming a team player. Team Performance Management: An International Journal, 7, 5-10.  Scheuer, C., Keoleian, G. A. & Reppe, P. (2003). Life cycle energy and environmental performance of a new university building: modeling challenges and design implications. Energy and Buildings, 35, 1049-1064.  Sekaran, U. (2003). Research methods for business : a skill-building approach New York, John Wiley & Sons   Smith, S. (ed.) 2002. Design and Construction: Building in Value, Butterworth Heinemann, UK: Intelligent buildings In.  Sneirson, J. F. (2009). Green is good: sustainability, profitability, and a new paradigm for corporate governance. Iowa Law Review, 94, 36.  So, A. T. P. & Chan, W. L. (1999). Interlligent Building Systems, Boston, Kluwer Academic Publishers.  Stafford, A., Gorse, C. & Shao, L. (2011). The Retrofit Challenge: Delivering Low Carbon Buildings.  Stevenson, F. (2013). Reducing energy demand through retrofitting buildings. Building Research & Information, 41, 605-608.  Tabachnick, B. G. & Fidell, L. S. (2007). Using Multivariate Statistics (fifth edition), Boston, Pearson Education.  Thirugnanasambandam, M., Iniyan, S. & Goic, R. (2010). A review of solar thermal technologies. Renewable and Sustainable Energy Reviews, 14, 312-322.  Tobias, L. & Vavaroutsos, G. (2012). Retrofitting Office Buildings to Be Green and Energy-Efficient : Optimizing Building Performance, Tenant Satisfaction and Financial Return, Washington DC, Urban Land Institute.  Vaidya, O. S. & Kumar, S. (2006). Analytic hierarchy process: An overview of applications. European Journal of Operational Research, 169, 1-29.  WBCSD (2008). Energy Efficiency in Buildings Facts & Trends, World Business Council for Sustainbale Development.  WCED (1987). Our Common Future, Oxford, World Commission on Environment and Development   Wengraf, T. (2001). Qualitative Research Interviewing: Biographic Narrative and Semi-Structured Methods, New York, SAGE Publications.  Wingfield, J., Bell, M., Miles-Shenton, D. & Seavers, J. (2011). Elm Tree Mews Field Trial – Evaluation and Monitoring of Dwellings Performance – Final Technical Report, Leeds, Leeds Metropolitan University. 
  Page 210    
 Wong, I. L., Eames, P. C. & Perera, R. S. (2007). A review of transparent insulation systems and the evaluation of payback period for building applications. Solar Energy, 81, 1058-1071.  Wong, J. & Li, H. (2006). Development of a conceptual model for the selection of intelligent building systems. Building and Environment, 41, 1106-1123.  Wong, J. & Li, H. (2008). Application of the analytic hierarchy process (AHP) in multi-criteria analysis of the selection of intelligent building systems. Building and Environment, 43, 108-125.  Wong, J. K. W. & Li, H. (2010). Construction, application and validation of selection evaluation model (SEM) for intelligent HVAC control system. Automation in Construction, 19, 261-269.  Wong, J. K. W., Li, H. & Wang, S. W. (2005). Intelligent building research: a review. Automation in Construction, 14, 143-159.  Xing, Y., Hewitt, N. & Griffiths, P. (2011). Zero carbon buildings refurbishment––A Hierarchical pathway. Renewable and Sustainable Energy Reviews, 15, 3229-3236.  Xu, P., Chan, E. H.-W. & Qian, Q. K. (2011). Success factors of energy performance contracting (EPC) for sustainable building energy efficiency retrofit (BEER) of hotel buildings in China. Energy Policy, 39, 7389-7398.  Xu, P. & Chan, E. H. W. (2013). ANP model for sustainable Building Energy Efficiency Retrofit (BEER) using Energy Performance Contracting (EPC) for hotel buildings in China. Habitat International, 37, 104-112.  Xu, P., Chan, E. H. W. & Qian, Q. K. (2012). Key performance indicators (KPI) for the sustainability of building energy efficiency retrofit (BEER) in hotel buildings in China. Facilities, 30, 432-448.  Xu, P., Chan, E. H. W., Visscher, H. J., Zhang, X. & Wu, Z. (2015). Sustainable building energy efficiency retrofit for hotel buildings using EPC mechanism in China: analytic Network Process (ANP) approach. Journal of Cleaner Production, 107, 378-388.  Yang, L. j. (2005). Life cycle analysis of the residential HVAC systems in Montreal. Master, Concordia University   Yildiz, A. & Güngör, A. (2009). Energy and exergy analyses of space heating in buildings. Applied Energy, 86, 1939-1948.  You, F., Hu, D., Zhang, H., Guo, Z., Zhao, Y., Wang, B. & Yuan, Y. (2011). Carbon emissions in the life cycle of urban building system in China--A case study of residential buildings. Ecological Complexity, 8, 201-212.  
  Page 211    






















  Page 212    
Appendices 
 
Appendix A: Introductory cover letter for the questionnaire  
 
Dear Participant, 
You are invited to participate in a research project being conducted by RMIT University. 
This information sheet describes the project in straightforward language, or “plain 
English”. Please read this sheet carefully and be confident that you understand its contents 
before deciding whether to participate. If you have any questions about the project, please 
ask one of the investigators.  
 
Who is involved in this research project? Why is it being conducted?  
This research is being conducted by Ms Shuo Chen. As supervisors, Assoc. Professors 
Kevin Zhang and Sujeeva Setunge will be assisting Shuo Chen throughout the research. 
The research is being conducted as part of the fulfilment of Shuo Chen’s PhD degree in 
Civil Engineering. This project has been approved by the RMIT Human Research Ethics 
Committee. 
 
Why have you been approached?  
You have been invited to participate in this survey due to your extensive knowledge of and 
valuable working experience on HVAC system retrofits.  
 
What is the project about? What are the questions being addressed?  
It has been argued that the energy and environmental performance of existing heating, 
ventilation and air conditioning (HVAC) systems can be improved greatly if the retrofit 
measures are selected and implemented appropriately. Various new retrofit technologies 
for HVAC systems have emerged with the aim to reduce HVAC energy consumption and 
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greenhouse emissions, but the outcomes of retrofits often differ from the expected 
performance, with some succeeding, and some failing to meet the expected targets. Based 
on a literature review and investigation of the activities involved in empirical HVAC 
retrofitting projects, preliminary factors leading to the unsatisfactory performance of 
HVAC retrofits will be identified. Then, a research questionnaire will be conducted to 
analyse the significance of these factors. The results of the questionnaire will contribute to 
the development of a dedicated HVAC retrofit assessment model and the establishment of 
a toolkit of green retrofitting design. The findings of the research will provide valuable 
information to asset managers and help them undertake performance-based retrofits. 
The research aims to address the following major questions: 
 Do retrofitted HVAC systems perform as expected, where performance measures 
include economic, energy, user satisfaction and environmental impact dimensions? 
 What are the reasons for retrofit solutions failing to meet the expected performance 
targets? 
 How can retrofit solutions be improved to better meet HVAC performance targets? 
 
If I agree to participate, what will I be required to do?  
Please go through the questionnaire carefully and spend approximately twenty minutes of 
your valuable time to complete it. The questionnaire is web-based. At the end of this letter 
an URL link has been provided to enable you access the questionnaire. Please follow the 
link, complete the questionnaire and submit it online.  
 
What are the possible risks or disadvantages?  
The questionnaire aims to obtain participants’ extensive knowledge and valuable working 
experience on HVAC system retrofits. The questionnaire will not create any inconvenience 
or displeasure to participants. The questionnaire will not present any physical, social, 
psychological, legal or any other risks to the participants. The research will not use or 
disclose personal or sensitive information on any participant. Participating or not 
participating in the questionnaire will not affect your employment or create any problem in 
your workplace. If you are unduly concerned about your responses to any of the questions, 
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or if you find participation in the project distressing, you should contact Shuo Chen as 
soon as convenient. She will discuss your concerns with you in confidence and suggest 
appropriate follow-up, if necessary. 
 
What are the benefits associated with participation?  
As the research questionnaire is mainly seeking your feedback, there will be no direct 
benefit to you as a result of your participation. However, the findings of this research will 
help achieve greener construction of HVAC systems for the community and society. 
Should you request a copy of the results of this study, please contact the researchers by 
email. 
 
What will happen to the information I provide?  
The questionnaire responses collected through RMIT Qualtrics will be stored and 
password-protected in the RMIT Network system during the research. Only the three 
investigators have access to the database. Any information that you provide can be 
disclosed only if (1) it is to protect you or others from harm, (2) a court order is produced, 
or (3) you provide the researchers with written permission. 
The research data will be kept strictly confidential in RMIT for a period of 5 years. At the 
end of this period, data will be deleted and expunged. The information collected from the 
survey will only be used for aggregated statistical purposes in the research thesis and 
published papers during the PhD. In the thesis or any other published papers, the 
information will not be revealed in a form which can be potentially used to track the 
participants’ identity. Anonymous classification will be introduced in those situations.  
Because of the anonymous nature of data collection, we are not obtaining written informed 
consent from you. Instead, we will assume that you have given consent by your 
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What are my rights as a participant?  
As a participant, you have the right to 
 Withdraw from participation at any time; 
 Have any unprocessed data withdrawn and destroyed, provided it can be reliably 
identified, and provided that so doing does not increase the risk for the participant; 
 Have any questions answered at any time.  
 
Note regarding web-based surveys  
Users should be aware that the World Wide Web is an insecure public network that gives 
rise to the potential risk that a user’s transactions are being viewed, intercepted or modified 
by third parties or that data which the user downloads may contain computer viruses or 
other defects. 
This project will use an external site to create, collect and analyze data collected in a 
survey format. The site we are using is 
https://rmit.asia.qualtrics.com/SE/?SID=SV_bekSpqUs6qOSCbP 
If you agree to participate in this survey, the responses you provide to the survey will be 
stored on a host server used by the three investigators. No personal information will be 
collected in the survey so none will be stored as data. Once we have completed our data 
collection and analysis, we will import the data to the RMIT server where it will be stored 
securely for a period of five years. The data on the RMIT host server will then be deleted 
and expunged. 
 
Whom should I contact if I have any questions?  
Should you have any queries, please feel free to contact Shuo Chen. 
 
 
What other issues should I be aware of before deciding whether to participate?  
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School of Civil, Environmental and Chemical Engineering, RMIT University 
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Appendix B: Questionnaire for the general survey  
 
 
Identification of the key performance attributes and the critical success 
factors influencing the performance of HVAC retrofit 
 
 Introduction      
The questionnaire consists of three sections: section A, section B and Section C. Section A 
aims to obtain demographic data on participants, including their position, educational 
background, experience and type of enterprise. Section B aims to explore the attributes 
which may affect client decision-making on HVAC retrofits. Section C aims to explore the 
factors which may affect the performance of retrofitted HVAC. Participants are asked their 
opinions on the relative importance attributes and factors. The level of importance is 
measured on a 5-point Likert scale, where 1 represents extremely unimportant, 2 
unimportant, 3 neutral, 4 important, and 5 extremely important. Participants are also asked 
to provide any additional comments. It will take approximately twenty minutes to 
complete the questionnaire.        
 
The questionnaire survey forms part of a research project titled “A toolkit for performance- 
based green retrofitting of HVAC systems”. This project is being undertaken by a team of 
researchers at RMIT University. Your feedback and timely response will greatly assist 
with the conduct of this research. Please be assured that the information obtained from this 
survey will be kept strictly confidential and will only be used for research purposes. Please 
read the Participant Information Form for further understanding of the research and the 
researchers’ obligations.       
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Section A    Demographic Data      
Please answer the following questions. 
 
What is your highest educational qualification? 
 Secondary School  
 TAFE / College Diploma  
 University - Undergraduate  
 University - Postgraduate  
 Other  ____________________ 
 
Which role best describes your position in HVAC retrofitting projects? 
 Property manager working for clients and developers  
 HVAC contractor 
 HVAC designer and/or technician  
 
How many years of experience do you have in the above position? 
 1 - 5 years  
 6 - 10 years  
 10 - 15 years  
 More than 15 years  
 
How many HVAC retrofitting projects have you been involved in? 
 Less than 20 
 20 - 50 
 50 -100 
 More than 100 
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Section B     
Please indicate your views by using the following indicators to measure sustainability- 
related attributes.      
If there are attributes related to sustainability missing from the list, please add them below 
and indicate their level of importance.      
1. Sustainability-related attributes - Economic attributes        
   
 Extremely Unimportant  Unimportant  Neutral  Important  Extremely Important  
Low operating & maintenance cost            
Low life cost            
Low capital investment on HVAC retrofits            
Higher rental income            
Short pay-back period            
Reducing vacancy rates            
Increased market value of the building            
The remaining life of existing HVAC 
system            
The performance of existing HVAC system            
1.            
2.            
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2. Sustainability-related attributes - Social attributes 
 
 Extremely Unimportant Unimportant Neutral Important Extremely Important 
Improving user's comfort            
Meeting the client’s / occupant's demand            
Reducing absenteeism            
Improving user's working productivity            
Improving building flexibility            
Improving corporate image            
Contribution to sustainable city            
1.            
2.            
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3. Sustainability-related attributes - Environmental attributes 
 
 Extremely Unimportant  Unimportant  Neutral  Important  Extremely Important  
Lower energy consumption and lower carbon 
emissions           
Reducing pollution related to fuel consumption            
Reducing contamination and odour emissions            
Improved thermal comfort            
Improved air quality            
Reduced noise level            
1.            
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4. Policy and regulation-related attributes        
 
Please indicate your view using the following indicators to measure policy and regulation- 
related attributes. If there are attributes related to policy and regulations missing from the 
list, please add them below and indicate their level of importance.   
 
 Extremely Unimportant  Unimportant Neutral Important Extremely Important 
Availability of renovation policies and political 
strategies promoting housing renovation            
Incentives and financial support from 
government            
Compulsory controls like performance -related  
regulations, i.e. NABERS, Green Star or 
ABGR environmental rating standards            
Implementation of new energy reduction 
initiatives such as Energy Performance 
Contracting  (EPC)            
1.            
2.            
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If there are attributes not related to sustainability and policy and regulations, please add 
them below and indicate their level of importance.  
      
 Extremely Unimportant  Unimportant  Neutral  Important Extremely Important  
1.            
2.            
3.            
4.            
5.            
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Section C            
Please indicate your view using the following indicators to measure stakeholder- 
related factors.      
If there are factors related to stakeholders missing from the list, please add them below and 
indicate their level of the importance.                
1. Stakeholder-related factors - Client characteristics          
 Extremely Unimportant Unimportant Neutral Important Extremely Important 
Awareness of green HVAC retrofitting outcomes            
Competence of HVAC technical knowledge            
Willingness to be involved in the project            
Willingness to use new HVAC technologies for 
green outcomes            
Ability to contribute ideas to HVAC retrofitting 
design process            
Ability to contribute ideas to HVAC retrofitting 
construction process            
Experience with the procurement process            
Financial resources capability            
Skilled leadership in organizing HVAC 
retrofitting projects            
1.            
2.            
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2. Stakeholder-related factors - HVAC contractors’ and technicians’ characteristics 
 
 Extremely Unimportant  Unimportant  Neutral  Important  Extremely Important  
Availability of personnel resources            
Commitment to on-time and on-budget project 
delivery            
Familiarity with new HVAC technology design- 
related policies and regulations            
Familiarity with new HVAC technology 
construction-related work            
Company size            
Experience of using new HVAC technologies            
Diversity of technical capability            
Number of subcontractors engaged on project            
Availability of equipment resources            
Willingness to use new HVAC technologies for 
green outcomes            
Familiarity with new HVAC technology 
maintenance-related work            
Diversity of personnel            
Financial resources capability            
Communication with suppliers            
Skilled leadership in organizing HVAC 
retrofitting project            
1.            
2.            
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3. Project team management-related factors        
 
Please indicate your view using following indicators to measure project team management- 
related factors. If there are factors related to project team management missing from the 
list, please add them below and indicate their level of importance.   
 
 Extremely Unimportant  Unimportant  Neutral  Important Extremely Important 
Project team cohesiveness            
Commitment of the HVAC designer to achieve 
project goals and objectives            
Commitment of the HVAC contractor to 
achieve project goals and objectives            
Level of trust in the project team            
Effectiveness of working relationship between 
client and HVAC designer            
Effectiveness of working relationship between 
client and HVAC contractor            
Effectiveness of teamwork and communication 
between HVAC designer and HVAC contractor            
Effectiveness of development of appropriate 
organizational structure to maintain work-flow            
Skills in resolving problems            
Effectiveness of project team coordination            
1.            
2.            
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2 Retrofit plan-related factors    
   
Please indicate your view using the following indicators to measure retrofit plan-related 
factors. If there are factors related to the retrofit plan missing from the list, please add them 
below and indicate their level of importance.   
 
 Extremely Unimportant  Unimportant  Neutral  Important  Extremely Important 
Clarity of project scope            
Clarity of client's objectives and requirements            
Effectiveness of HVAC retrofit programming            
Understanding of the HVAC's current state 
including problems and limitations            
Clarity of HVAC performance assessment and 
diagnostics            
Appropriateness of retrofit solutions            
Completeness of documentation            
1.            
2.            
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3 HVAC technology-related factors      
 
Please indicate your view using the following indicators to measure HVAC technology- 
related factors. If there are factors related to HVAC technologies missing from the list, 
please add them below and indicate their level of importance.   
 
 Extremely Unimportant Unimportant Neutral Important Extremely Important 
Geographic location of  building to be 
retrofitted           
Orientation of the building to be retrofitted           
Condition of the existing HVAC systems            
Impact of occupancy schedule and churn on 
performance of HVAC systems            
Operational schedule and maintenance records 
of existing HVAC systems            
Life span of the selected HVAC retrofitting 
technologies            
Ability of further upgrade of selected HVAC 
retrofitting technologies            
Control flexibility of the selected HVAC 
retrofitting technologies            
Compatibility with other building systems of 
the selected HVAC retrofitting technologies            
Integration with building automation systems 
of the selected HVAC retrofitting technologies            
1.            
2.            
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If there are factors not related to stakeholders, project team management, retrofit planning 
and HVAC technologies, please add them below and indicate their level of importance.   
 
 Extremely Unimportant  Unimportant  Neutral  Important  Extremely Important  
1.            
2.            
3.            
4.            




Survey Outcome      
 
Would you like to have a summary of the findings of this survey? 
 Yes 
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Appendix C: Experts’ answers to ANP model’s pairwise questions 
Appendix C-1 Node comparisons 
Note: GM represents “geometric mean”. 



































































































1 5 a2 5 a2 1 1 1 1 7 a6 7 a5 1 3 a5 1 1 1 1 3 d4 5 d4 1 7 f1 1 3 f1 1 5 f2 5 f2 7 f4 5 f5 1 1 1 1 7 a1 1 3 a1 
2 4 a2 4 a2 5 a5 1 1 4 a5 5 a6 5 a5 4 a6 3 a5 1 3 c1 1 1 4 d4 5 d4 1 5 f1 3 f1 1 3 f2 7 f2 7 f2 7 f4 4 f5 1 1 1 1 5 a1 4 a1 3 a1 
3 3 a2 3 a2 3 a5 3 a2 1 3 a5 5 a6 5 a5 3 a6 2 a5 1 1 1 1 3 d4 4 d4 1 5 f1 3 f1 5 f1 7 f2 5 f2 5 f2 5 f4 3 f5 1 3 g1 1 1 5 a1 3 a1 2 a1 
4 3 a2 3 a2 4 a5 4 a2 1 5 a5 7 a6 7 a5 5 a6 5 a5 1 1 1 1 7 d4 4 d4 1 5 f1 1 1 3 f2 3 f2 3 f2 1 3 f5 1 1 1 1 5 a1 5 a1 5 a1 
GM 3.66 3.66 2.78 1.86 1 2.78 5.92 5.92 2.78 3.08 1 1.32 1 1 3.98 4.47 1 5.44 1.73 1.97 2.82 4.79 4.79 3.96 3.66 1 1.32 1 1 5.44 2.78 3.08 



































































































1 3 a3 1 1 7 a5 7 a6 3 a5 1 9 c1 9 c2 9 d4 1 5 f1 7 f1 5 f1 5 f2 7 f2 6 f2 4 f4 5 f5 1 2 g2 1 7 h1 7 h2 1 1  7 a1 7 a1 1 5 a2 5 a2 5 a4 
2 4 a3 1 5 a3 5 a5 5 a6 4 a5 1 9 c1 9 c2 7 d4 1 4 f1 5 f1 7 f1 4 f2 5 f2 5 f2 5 f4 4 f5 1 2 g2 1 7 h1 7 h2 3 a1 5 a1 5 a1 7 a1 1 4 a2 4 a2 4 a4 
3 3 a3 1 3 a3 5 a5 5 a6 3 a5 1 9 c1 9 c2 5 d4 1 6 f1 5 f1 5 f1 6 f2 5 f2 5 f2 3 f4 3 f5 1 2 g2 1 9 h1 9 h2 7 a1 4 a1 5 a1 5 a1 1 3 a2 3 a2 3 a4 
4 7 a3 1 4 a3 5 a5 5 a6 7 a5 1 9 c1 9 c2 7 d4 1 7 f1 5 f1 5 f1 6 f2 5 f2 5 f2 3 f4 3 f5 1 2 g2 1 7 h1 7 h2 3 a1 4 a1 1 1 1 3 a2 3 a2 3 a4 
GM 3.98 1 2.78 5.44 5.44 3.98 1 9 9 6.85 1 5.38 5.44 5.44 5.18 5.44 5.23 3.66 3.66 1 2 1 7.45 7.45 2.82 2.99 3.64 3.96 1 3.66 3.66 3.66 
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1 7 a4 1  1 9 c1 9 c2 1 7 d1 7 d4 7 d2 7 d4 9 d4 1 9 e3 9 e3 1 2 f1 2 f1 2 f1 5 f2 5 f2 5 f2 5 f4 5 f5 1 1 1 9 h1 9 h2 3 a2 1 3 a1 7 a1 
2 5 a4 3 a5 1 9 c1 9 c2 1 5 d1 5 d4 5 d2 5 d4 9 d4 1 9 e3 9 e3 1 7 f1 2 f1 2 f1 5 f2 7 f2 7 f2 4 f4 4 f5 1 1 1 9 h1 9 h2 3 a2 1 3 a1 5 a1 
3 5 a4 3 a5 1 9 c1 9 c2 1 5 d1 5 d4 5 d2 5 d4 8 d4 2 e1 9 e3 9 e3 1 9 f1 2 f1 2 f1 3 f2 5 f2 5 f2 3 f4 3 f5 1 1 3 h1 9 h1 9 h2 2 a2 1 3 a1 5 a1 
4 7 a4 1 1 9 c1 9 c2 1 5 d1 5 d4 5 d2 5 d4 9 d4 1 9 e3 9 e3 1 7 f1 3 f1 3 f1 1 3 f2 3 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 5 a2 1 3 a1 5 a1 
GM 5.92 1.73 1 9 9 1 5.44 5.44 5.44 5.44 8.74 1.19 9 9 1 5.45 2.21 2.21 2.94 4.79 4.79 3.66 3.66 1 1 1.32 9 9 3.08 1 3 5.44 



































































































1 5 a2 1 5 a2 5 a3 1 3 a5 1 7 c1 7 c2 1 5 d1 5 d4 5 d2 7 d4 9 d4 1 5 f1 1 1 1 5 f2 5 f2 7 f4 5 f5 1 1 1 9 h1 9 h2 7 a2 7 a3 7 a4 
2 7 a2 3 a2 7 a2 5 a3 5 a3 3 a5 1 7 c1 7 c2 1 4 d1 4 d4 4 d2 5 d4 9 d4 1 4 f1 1 3 f1 4 f2 4 f2 4 f2 7 f4 4 f5 1 1 1 9 h1 9 h2 5 a2 9 a3 7 a4 
3 5 a2 5 a2 5 a2 3 a3 3 a3 2 a5 1 7 c1 7 c2 1 6 d1 6 d4 6 d2 5 d4 9 d4 1 6 f1 3 f1 3 f1 3 f2 6 f2 6 f2 5 f4 3 f5 1 3 g1 1 9 h1 9 h2 5 a2 7 a3 5 a4 
4 5 a2 7 a2 5 a2 1 4 a3 5 a5 1 7 c1 7 c2 1 7 d1 6 d4 6 d2 7 d4 9 d4 1 6 f1 4 f1 1 5 f2 6 f2 7 f2 1 3 f5 1 1 1 9 h1 9 h2 5 a2 7 a3 1 
GM 5.44 3.20 5.44 2.94 2.78 3.08 1 7 7 1 5.38 5.18 5.18 5.92 9 1 5.18 1.86 1.73 2.78 5.18 5.38 3.96 3.66 1 1.32 1 9 9 5.44 7.45 3.96 






































































































1 7 a1 3 a3 1 7 a2 1 7 a3 7 a4 9 c1 1 9 c3 1 5 d1 4 d4 3 d2 5 d4 9 d4 1 9 e3 9 e3 1 3 f1 1 3 f1 3 f2 4 f2 5 f2 5 f4 5 f5 1 1 1 9 h1 
2 5 a1 3 a3 1 7 a2 3 a3 7 a3 7 a4 9 c1 1 9 c3 1 6 d1 7 d4 7 d2 5 d4 9 d4 1 9 e3 9 e3 1 7 f1 3 f1 1 3 f2 7 f2 6 f2 5 f4 5 f5 1 1 1 9 h1 
3 5 a1 2 a3 1 7 a2 3 a3 7 a3 8 a4 9 c1 1 9 c3 1 5 d1 5 d4 6 d2 5 d4 9 d4 1 9 e3 9 e3 1 7 f1 3 f1 1 3 f2 5 f2 5 f2 4 f4 4 f5 1 1 1 9 h1 
4 5 a1 5 a3 1 7 a2 1 7 a3 7 a4 9 c1 1 9 c3 1 5 d1 5 d4 7 d2 5 d4 9 d4 1 9 e3 9 e3 1 6 f1 1 5 f1 3 f2 5 f2 5 f2 4 f4 4 f5 1 1 1 9 h1 
GM 5.44 3.08 1 7 1.73 7 7.23 9 1 9 1 5.23 5.14 5.45 5 9 1 9 9 1 5.45 1.73 1.97 3 5.14 5.23 4.47 4.47 1 1 1 9 



































































































1 9 h2 7 a1 1 7 a1 3 a1 7 a3 1 4 a5 7 a3 1 1 1 9 c1 9 c2 1 5 d1 5 d4 7 d2 7 d4 9 d4 1 9 e3 9 e3 1 5 f1 3 f1 1 3 f2 5 f2 5 f2 5 f4 5 f5 
2 9 h2 7 a1 1 7 a1 3 a1 7 a3 1 7 a5 9 a3 4 a3 4 a5 1 9 c1 9 c2 1 4 d1 7 d4 5 d2 5 d4 9 d4 1 9 e3 9 e3 1 4 f1 4 f1 3 f1 3 f2 4 f2 4 f2 4 f4 4 f5 
3 9 h2 7 a1 1 7 a1 2 a1 8 a3 1 5 a5 7 a3 3 a3 3 a5 1 9 c1 9 c2 1 6 d1 5 d4 5 d2 5 d4 9 d4 1 9 e3 9 e3 1 6 f1 1 1 2 f2 6 f2 6 f2 3 f4 3 f5 
4 9 h2 7 a1 1 7 a1 5 a1 7 a3 1 5 a5 7 a3 5 a3 4 a5 1 9 c1 9 c2 1 4 d1 3 d4 5 d2 5 d4 9 d4 1 9 e3 9 e3 1 7 f1 1 3 f1 5 f2 7 f2 7 f2 3 f4 3 f5 
GM 9 7 1 7 3.08 7.23 1 5.14 7.45 2.78 2.78 1 9 9 1 4.95 4.79 5.44 5.44 9 1 9 9 1 5.38 1.86 1.73 3.08 5.38 5.38 3.66 3.66 
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1 1 1 1 7 h3 7 h3 7 a1 7 a1 7 a1 3 a3 3 a3 3 a5 5 b3 1 9 c1 9 c2 1 5 d1 5 d4 7 d2 7 d4 9 d4 1 9 e1 9 e2 1 5 f1 3 f1 1 3 f2 5 f2 5 f2 5 f4 
2 1 1 1 7 h3 7 h3 7 a1 7 a1 7 a1 3 a3 3 a3 1 a5 4 b3 1 9 c1 9 c2 1 4 d1 7 d4 5 d2 5 d4 9 d4 1 9 e1 9 e2 1 4 f1 4 f1 3 f1 3 f2 4 f2 4 f2 4 f4 
3 1 1 1 9 h3 9 h3 9 a1 9 a1 9 a1 2 a3 2 a3 1 a5 3 b3 1 9 c1 9 c2 1 6 d1 5 d4 5 d2 5 d4 9 d4 1 9 e1 9 e2 1 6 f1 1 1 2 f2 6 f2 6 f2 3 f4 
4 1 1 1 7 h3 7 h3 7 a1 7 a1 7 a1 5 a3 5 a3 5 a5 3 b3 1 9 c1 9 c2 1 4 d1 3 d4 5 d2 5 d4 9 d4 1 9 e1 9 e2 1 7 f1 1 3 f1 5 f2 7 f2 7 f2 3 f4 
GM 1 1 1 7.45 7.45 7.45 7.45 7.45 3.08 3.08 1.97 3.66 1 9 9 1 4.95 4.79 5.44 5.44 9 1 9 9 1 5.38 1.86 1.73 3.08 5.38 5.38 3.66 



































































































1 5 f5 1 1 1 9 h1 9 h2 7 a1 7 a1 7 a1 3 a3 3 a3 3 a5 3 b3 1 9 c1 9 c2 1 5 d1 5 d4 7 d2 7 d4 9 d4 1 9 e1 9 e2 1 5 f1 3 f1 1 3 f2 5 f2 5 f2 
2 4 f5 1 1 1 9 h1 9 h2 7 a1 7 a1 7 a1 3 a3 3 a3 1 a5 3 b3 1 9 c1 9 c2 1 4 d1 7 d4 5 d2 5 d4 9 d4 1 9 e1 9 e2 1 4 f1 4 f1 3 f1 3 f2 4 f2 4 f2 
3 3 f5 1 1 1 9 h1 9 h2 9 a1 9 a1 9 a1 2 a3 2 a3 1 a5 2 b3 1 9 c1 9 c2 1 6 d1 5 d4 5 d2 5 d4 9 d4 1 9 e1 9 e2 1 6 f1 1 1 2 f2 6 f2 6 f2 
4 3 f5 1 1 1 9 h1 9 h2 7 a1 7 a1 7 a1 5 a3 5 a3 5 a5 5 b3 1 9 c1 9 c2 1 4 d1 3 d4 5 d2 5 d4 9 d4 1 9 e1 9 e2 1 7 f1 1 3 f1 5 f2 7 f2 7 f2 
GM 3.66 1 1 1 9 9 7.45 7.45 7.45 3.08 3.08 1.97 3.08 1 9 9 1 4.95 4.79 5.44 5.44 9 1 9 9 1 5.38 1.86 1.73 3.08 5.38 5.38 
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1 5 f4 5 f5 1 1 1 9 h1 9 h2 7 a1 7 a1 7 a1 3 a3 3 a3 3 a5 3 b2 1 9 c1 9 c2 1 5 d1 5 d4 7 d2 7 d4 9 d4 1 9 e1 9 e2 1 5 f1 3 f1 1 3 f2 5 f2 
2 4 f4 4 f5 1 1 1 9 h1 9 h2 7 a1 7 a1 7 a1 3 a3 3 a3 1 a5 1 b2 1 9 c1 9 c2 1 4 d1 7 d4 5 d2 5 d4 9 d4 1 9 e1 9 e2 1 4 f1 4 f1 3 f1 3 f2 4 f2 
3 3 f4 3 f5 1 1 1 9 h1 9 h2 9 a1 9 a1 9 a1 2 a3 2 a3 1 a5 1 b2 1 9 c1 9 c2 1 6 d1 5 d4 5 d2 5 d4 9 d4 1 9 e1 9 e2 1 6 f1 1 1 2 f2 6 f2 
4 3 f4 3 f5 1 1 1 9 h1 9 h2 7 a1 7 a1 7 a1 5 a3 5 a3 5 a5 5 b2 1 9 c1 9 c2 1 4 d1 3 d4 5 d2 5 d4 9 d4 1 9 e1 9 e2 1 7 f1 1 3 f1 5 f2 7 f2 
GM 3.66 3.66 1 1 1 9 9 7.45 7.45 7.45 3.08 3.08 1.97 1.97 1 9 9 1 4.95 4.79 5.44 5.44 9 1 9 9 1 5.38 1.86 1.73 3.08 5.38 



































































































1 5 f2 5 f4 5 f5 1 1 1 9 h1 9 h2 2 a1 2 a1 2 a1 2 a3 2 a3 2 a5 7 c2 1 5 d1 5 d4 7 d2 7 d4 9 d4 1 5 f1 3 f1 1 3 f2 5 f2 5 f2 5 f4 5 f5 1 1 
2 4 f2 4 f4 4 f5 1 1 1 9 h1 9 h2 2 a1 2 a1 2 a1 2 a3 2 a3 2 a5 7 c2 1 4 d1 7 d4 5 d2 5 d4 9 d4 1 4 f1 4 f1 3 f1 3 f2 4 f2 4 f2 4 f4 4 f5 1 1 
3 6 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 2 a1 2 a1 2 a1 2 a3 2 a3 2 a5 9 c2 1 6 d1 5 d4 5 d2 5 d4 9 d4 1 6 f1 1 1 2 f2 6 f2 6 f2 3 f4 3 f5 1 1 
4 7 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 2 a1 2 a1 2 a1 2 a3 2 a3 2 a5 7 c2 1 4 d1 3 d4 5 d2 5 d4 9 d4 1 7 f1 1 3 f1 5 f2 7 f2 7 f2 3 f4 3 f5 1 1 
GM 5.38 3.66 3.66 1 1 1 9 9 2 2 2 2 2 2 7.45 1 4.95 4.79 5.44 5.44 9 1 5.38 1.86 1.73 3.08 5.38 5.38 3.66 3.66 1 1 
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1 1 9 h1 9 h2 2 a1 2 a1 2 a3 5 c1 1 5 d1 5 d4 7 d2 7 d4 9 d4 1 5 f1 3 f1 1 3 f2 5 f2 5 f2 5 f4 5 f5 1 1 1 9 h1 9 h2 1 7 a5 7 a6 7 a5 7 a6 
2 1 9 h1 9 h2 2 a1 2 a1 2 a3 4 c1 1 4 d1 7 d4 5 d2 5 d4 9 d4 1 4 f1 4 f1 3 f1 3 f2 4 f2 4 f2 4 f4 4 f5 1 1 1 9 h1 9 h2 1 7 a5 7 a6 7 a5 7 a6 
3 1 9 h1 9 h2 2 a1 2 a1 2 a3 6 c1 1 6 d1 5 d4 5 d2 5 d4 9 d4 1 6 f1 1 1 2 f2 6 f2 6 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 1 9 a5 9 a6 9 a5 9 a6 
4 1 9 h1 9 h2 2 a1 2 a1 2 a3 4 c1 1 4 d1 3 d4 5 d2 5 d4 9 d4 1 7 f1 1 3 f1 5 f2 7 f2 7 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 1 7 a5 7 a6 7 a5 7 a6 
GM 1 9 9 2 2 2 4.95 1 4.95 4.79 5.44 5.44 9 1 5.38 1.86 1.73 3.08 5.38 5.38 3.66 3.66 1 1 1 9 9 1 7.45 7.45 7.45 7.45 



































































































1 3 a5 1 1 5 d1 5 d4 7 d2 7 d4 9 d4 1 5 f1 3 f1 1 3 f2 5 f2 5 f2 5 f4 5 f5 1 1 1 9 h1 9 h2 7 a1 7 a1 7 a1 3 a3 3 a3 1 1 5 b3 5 b3 1 
2 4 a5 1 1 4 d1 7 d4 5 d2 5 d4 9 d4 1 4 f1 4 f1 3 f1 3 f2 4 f2 4 f2 4 f4 4 f5 1 1 1 9 h1 9 h2 7 a1 7 a1 7 a1 3 a3 3 a3 3 a5 1 4 b3 4 b3 3 c1 
3 1 1 1 6 d1 5 d4 5 d2 5 d4 9 d4 1 6 f1 1 1 2 f2 6 f2 6 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 9 a1 9 a1 9 a1 2 a3 2 a3 1 1 6 b3 6 b3 1 
4 1 1 1 4 d1 3 d4 5 d2 5 d4 9 d4 1 7 f1 1 3 f1 5 f2 7 f2 7 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 7 a1 7 a1 7 a1 5 a3 5 a3 3 a5 1 7 b3 7 b3 3 c1 
GM 1.86 1 1 4.95 4.79 5.44 5.44 9 1 5.38 1.86 1.73 3.08 5.38 5.38 3.66 3.66 1 1 1 9 9 7.45 7.45 7.45 3.08 3.08 1.73 1 5.38 5.38 1.73 
  Page 236    
 
 



































































































1 9 c1 9 c2 7 d2 7 d2 1 1 9 e3 9 e3 1 5 f1 3 f1 1 3 f2 5 f2 5 f2 5 f4 5 f5 1 1 1 9 h1 9 h2 7 a1 7 a1 7 a1 3 a3 3 a3 1 1 5 b3 5 b3 1 
2 9 c1 9 c2 7 d2 7 d2 1 1 9 e3 9 e3 1 4 f1 4 f1 3 f1 3 f2 4 f2 4 f2 4 f4 4 f5 1 1 1 9 h1 9 h2 7 a1 7 a1 7 a1 3 a3 3 a3 3 a5 1 4 b3 4 b3 3 c1 
3 9 c1 9 c2 9 d2 9 d2 3 d4 1 9 e3 9 e3 1 6 f1 1 1 2 f2 6 f2 6 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 9 a1 9 a1 9 a1 2 a3 2 a3 1 1 6 b3 6 b3 1 
4 9 c1 9 c2 7 d2 7 d2 3 d4 1 9 e3 9 e3 1 7 f1 1 3 f1 5 f2 7 f2 7 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 7 a1 7 a1 7 a1 5 a3 5 a3 3 a5 1 7 b3 7 b3 3 c1 
GM 9 9 7.45 7.45 1.73 1 9 9 1 5.38 1.86 1.73 3.08 5.38 5.38 3.66 3.66 1 1 1 9 9 7.45 7.45 7.45 3.08 3.08 1.73 1 5.38 5.38 1.73 



































































































1 9 c1 9 c2 7 d1 7 d1 1 1 9 e3 9 e3 1 5 f1 3 f1 1 3 f2 5 f2 5 f2 5 f4 5 f5 1 1 1 9 h1 9 h2 5 a1 1 3 a1 1 5 a1 5 a3 1 5 a5 5 a2 5 a3 
2 9 c1 9 c2 7 d1 7 d1 1 1 9 e3 9 e3 1 4 f1 4 f1 3 f1 3 f2 4 f2 4 f2 4 f4 4 f5 1 1 1 9 h1 9 h2 4 a1 1 3 a1 1 4 a1 4 a3 1 4 a5 4 a2 4 a3 
3 9 c1 9 c2 9 d1 9 d1 3 d4 1 9 e3 9 e3 1 6 f1 1 1 2 f2 6 f2 6 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 6 a1 1 5 a1 1 6 a1 6 a3 1 6 a5 6 a2 6 a3 
4 9 c1 9 c2 7 d1 7 d1 3 d4 1 9 e3 9 e3 1 7 f1 1 3 f1 5 f2 7 f2 7 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 7 a1 1 3 a1 1 7 a1 7 a3 1 7 a5 7 a2 7 a3 
GM 9 9 7.45 7.45 1.73 1 9 9 1 5.38 1.86 1.73 3.08 5.38 5.38 3.66 3.66 1 1 1 9 9 5.38 1 3.08 1 5.38 5.38 1 5.38 5.38 5.38 
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1 1 5 a3 5 a5 5 a4 5 a5 1 5 b3 5 b3 1 9 c3 9 c3 1 7 d4 7 d4 1 9 e3 9 e3 1 5 f1 3 f1 1 3 f2 5 f2 5 f2 5 f4 5 f5 1 1 1 7 h1 7 h2 9 a1 
2 1 4 a3 4 a5 4 a4 4 a5 1 4 b3 4 b3 1 9 c3 9 c3 1 8 d4 8 d4 1 9 e3 9 e3 1 4 f1 4 f1 3 f1 3 f2 4 f2 4 f2 4 f4 4 f5 1 1 1 7 h1 7 h2 7 a1 
3 1 6 a3 6 a5 3 a4 3 a5 1 6 b3 6 b3 1 9 c3 9 c3 1 8 d4 8 d4 1 9 e3 9 e3 1 6 f1 1 1 2 f2 6 f2 6 f2 3 f4 3 f5 1 1 1 7 h1 7 h2 5 a1 
4 1 7 a3 7 a5 3 a4 3 a5 1 7 b3 7 b3 1 9 c3 9 c3 1 8 d4 8 d4 1 9 e3 9 e3 1 7 f1 1 3 f1 5 f2 7 f2 7 f2 3 f4 3 f5 1 1 1 7 h1 7 h2 7 a1 




































































































1 1 5 a1 1 5 a1 5 a3 1 5 a5 3 a2 5 a3 1 5 a3 3 a5 3 a4 3 a5 1 9 c1 9 c2 1 9 d1 9 d2 1 5 f1 3 f1 1 3 f2 5 f2 5 f2 5 f4 5 f5 1 2 g2 1 
2 1 4 a1 3 a1 4 a1 4 a3 1 4 a5 3 a2 4 a3 3 a3 6 a3 3 a5 3 a4 3 a5 1 9 c1 9 c2 1 9 d1 9 d2 1 4 f1 4 f1 3 f1 3 f2 4 f2 4 f2 4 f4 4 f5 1 2 g2 1 
3 1 6 a1 1 6 a1 6 a3 1 6 a5 3 a2 3 a3 1 7 a3 5 a5 5 a4 5 a5 1 9 c1 9 c2 1 9 d1 9 d2 1 6 f1 1 1 2 f2 6 f2 6 f2 3 f4 3 f5 1 2 g2 1 
4 1 7 a1 3 a1 7 a1 7 a3 1 7 a5 3 a2 3 a3 3 a3 6 a3 2 a5 2 a4 2 a5 1 9 c1 9 c2 1 9 d1 9 d2 1 7 f1 1 3 f1 5 f2 7 f2 7 f2 3 f4 3 f5 1 2 g2 1 
GM 1 5.38 1.73 5.38 5.38 1 5.38 3 3.66 1.73 5.96 3.08 3.08 3.08 1 9 9 1 9 9 1 5.38 1.86 1.73 3.08 5.38 5.38 3.66 3.66 1 2 1 
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1 9 h1 9 h2 3 b1 3 b1 1 1 9 c3 9 c3 1 7 d3 7 d3 7 e3 1 5 f1 3 f1 1 3 f2 5 f2 5 f2 5 f4 5 f5 1 1 1 9 h1 9 h2 3 b1 5 b3 5 b3 1 7 c3 7 c3 
2 9 h1 9 h2 3 b1 3 b1 3 b3 1 9 c3 9 c3 1 7 d3 7 d3 7 e3 1 4 f1 4 f1 3 f1 3 f2 4 f2 4 f2 4 f4 4 f5 1 1 1 9 h1 9 h2 3 b1 4 b3 4 b3 1 7 c3 7 c3 
3 9 h1 9 h2 2 b1 2 b1 1 1 9 c3 9 c3 1 9 d3 9 d3 9 e3 1 6 f1 1 1 2 f2 6 f2 6 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 2 b1 6 b3 6 b3 1 9 c3 9 c3 
4 9 h1 9 h2 5 b1 5 b1 3 b3 1 9  3 9 c3 1 7 d3 7 d3 7 e3 1 7 f1 1 3 f1 5 f2 7 f2 7 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 5 b1 7 b3 7 b3 1 9 c3 9 c3 
GM 9 9 3.08 3.08 1.73 1 9 9 1 7.45 7.45 7.45 1 5.38 1.86 1.73 3.08 5.38 5.38 3.66 3.66 1 1 1 9 9 3.08 5.38 5.38 1 7.94 7.94 



































































































1 1 7 d3 7 d3 5 e1 1 5 f1 3 f1 1 3 f2 5 f2 5 f2 5 f4 5 f5 1 1 1 7 h1 7 h2 5 a1 5 a1 1 3 b1 1 3 b3 1 7 c3 7 c3 1 5 d1 5 d4 7 d2 7 d4 
2 1 7 d3 7 d3 4 e1 1 4 f1 4 f1 3 f1 3 f2 4 f2 4 f2 4 f4 4 f5 1 1 1 7 h1 7 h2 4 a1 4 a1 1 4 b1 5 b1 3 b3 1 7 c3 7 c3 1 4 d1 7 d4 5 d2 5 d4 
3 1 9 d3 9 d3 6 e1 1 6 f1 1 1 2 f2 6 f2 6 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 6 a1 6 a1 1 3 b1 3 b1 2 b3 1 7 c3 9 c3 1 6 d1 5 d4 5 d2 5 d4 
4 1 7 d3 7 d3 7 e1 1 7 f1 1 3 f1 5 f2 7 f2 7 f2 3 f4 3 f5 1 1 1 7 h1 7 h2 7 a1 7 a1 1 7 b1 4 b1 5 b3 1 7 c3 7 c3 1 4 d1 3 d4 5 d2 5 d4 
GM 1 7.45 7.45 5.38 1 5.38 1.86 1.73 3.08 5.38 5.38 3.66 3.66 1 1 1 7.45 7.45 5.38 5.38 1 3.98 2.78 3.08 1 7 7.45 1 4.95 4.79 5.44 5.44 
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1 9 d4 3 e1 1 5 f1 3 f1 1 3 f2 5 f2 5 f2 5 f4 5 f5 1 1 1 7 h1 7 h2 1 3 a1 5 a6 3 a3 5 a6 7 a6 1 5 b3 5 b3 1 7 c1 7 c2 1 5 d1 5 d4 7 d2 
2 9 d4 3 e1 1 4 f1 4 f1 3 f1 3 f2 4 f2 4 f2 4 f4 4 f5 1 1 1 7 h1 7 h2 1 3 a1 6 a6 3 a3 4 a6 7 a6 1 4 b3 4 b3 1 7 c1 7 c2 1 4 d1 7 d4 5 d2 
3 9 d4 3 e1 1 6 f1 1 1 2 f2 6 f2 6 f2 3 f4 3 f5 1 1 1 9 h1 9 h2 1 2 a1 7 a6 2 a3 3 a6 9 a6 1 6 b3 6 b3 1 9 c1 9 c2 1 6 d1 5 d4 5 d2 
4 9 d4 3 e1 1 7 f1 1 3 f1 5 f2 7 f2 7 f2 3 f4 3 f5 1 1 1 7 h1 7 h2 1 5 a1 6 a6 5 a3 3 a6 7 a6 1 7 b3 7 b3 1 7 c1 7 c2 1 4 d1 3 d4 5 d2 
GM 9 3  1 5.38 1.86 1.73 3.08 5.38 5.38 3.66 3.66 1 1 1 7.45 7.45 1 3.08 5.96 3.08 3.66 7.45 1 5.38 5.38 1 7.45 7.45 1 4.95 4.79 5.44 



































































































1 7 d4 9 d4 1 7 e3 7 e3 7 f2 7 f2 7 f2 3 f4 1 1 1 1 7 h1 7 h2 5 a1 7 a1 5 a6 1 7 a6 5 a6 1 5 b3 7 b3 1 7 c1 7 c2 1 5 d1 5 d4 7 d2 7 d4 
2 5 d4 9 d4 1 7 e3 7 e3 7 f2 7 f2 7 f2 4 f4 3 f5 1 1 1 7 h1 7 h2 4 a1 7 a1 4 a6 3 a3 7 a6 6 a6 1 7 b3 5 b3 1 7 c1 7 c2 1 4 d1 7 d4 5 d2 5 d4 
3 5 d4 9 d4 1 9 e3 9 e3 7 f2 7 f2 7 f2 1 1 1 1 1 9 h1 9 h2 3 a1 9 a1 3 a6 1 9 a6 7 a6 1 5 b3 5 b3 1 9 c1 9 c2 1 6 d1 5 d4 5 d2 5 d4 
4 5 d4 9 d4 1 7 e3 7 e3 7 f2 7 f2 7 f2 1 3 f5 1 1 1 7 h1 7 h2 3 a1 7 a1 3 a6 3 a3 9 a6 6 a6 1 3 b3 5 b3 1 7 c1 7 c2 1 4 d1 3 d4 5 d2 5 d4 
GM 5.44 9 1 7.45 7.45 7 7 7 1.86 1.73 1 1 1 7.45 7.45 3.66 7.45 3.66 1.73 7.94 5.96 1 4.79 5.44 1 7.45 7.45 1 4.95 4.79 5.44 5.44 
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1 9 d4 1 7 e3 7 e3 7 f1 7 f1 5 f1 3 f3 3 f3 1 1 1 7 h1 7 h2 7 a3  2 a1 7 a3 1 5 f1 5 f1 5 f1 5 f1 1 3 a1 1 1 1 5 a1 5 a3 1 1 7 a2 
2 9 d4 1 7 e3 7 e3 5 f1 5 f1 5 f1 3 f3 3 f3 1 1 1 7 h1 7 h2 7 a3 3 a1 7 a3 1 5 f1 5 f1 5 f1 5 f1 1 3 a1 1 1 1 4 a1 6 a3 1 1 5 a2 
3 9 d4 1 9 e3 9 e3 5 f1 5 f1 5 f1 3 f3 2 f3 1 1 1 9 h1 9 h2 9 a3 3 a1 9 a3 1 5 f1 5 f1 5 f1 5 f1 1 2 a1 1 3 a1 3 a1 3 a1 7 a3 1 3 a2 5 a2 
4 9 d4 1 7 e3 7 e3 5 f1 5 f1 5 f1 3 f3 5 f3 1 1 1 7 h1 7 h2 7 a3 2 a1 7 a3 1 5 f1 5 f1 5 f1 5 f1 1 5 a1 1 3 a1 3 a1 3 a1 6 a3 1 3 a2 5 a2 
GM 9 1 7.45 7.45 5.44 5.44 5 3 3.08 1 1 1 7.45 7.45 7.45 2.45 7.45 1 5 5 5 5 1 3.08 1 1.73 1.73 3.66 5.96 1 1.73 5.44 



































































































1 7 a3 7 a3 3 a3 1 1 1 1 7 c1 7 c2 1 5 d1 5 d4 7 d2 7 d4 9 d4 1 5 f1 5 f1 5 f1 5 f1 1 1 1 7 h1 7 h2 3 a1 1 5 a1 5 a1 5 a1 5 a3 1 
2 7 a3 7 a3 3 a3 1 1 1 1 7 c1 7 c2 1 4 d1 7 d4 5 d2 5 d4 9 d4 1 5 f1 5 f1 5 f1 5 f1 1 1 1 7 h1 7 h2 3 a1 1 4 a1 6 a1 6 a1 4 a3 1 
3 9 a3 9 a3 2 a3 3 a4 3 a4 3 a5 1 9 c1 9 c2 1 6 d1 5 d4 5 d2 5 d4 9 d4 1 5 f1 5 f1 5 f1 5 f1 1 1 1 9 h1 9 h2 2 a1 1 3 a1 7 a1 7 a1 3 a3 1 
4 7 a3 7 a3 5 a3 3 a4 3 a4 3 a5 1 7 c1 7 c2 1 4 d1 3 d4 5 d2 5 d4 9 d4 1 5 f1 5 f1 5 f1 5 f1 1 1 1 7 h1 7 h2 5 a1 1 3 a1 6 a1 6 a1 3 a3 1 
GM 7.45 7.45 3.08 1.73 1.73 1.73 1 7.45 7.45 1 4.95 4.79 5.44 5.44 9 1 5 5 5 5 1 1 1 7.45 7.45 3.08 1 3.66 5.96 5.96 3.66 1 
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1 3 a2 1 7 a3 7 a3 3 a3 1 1 2 a5 1 7 c1 7 c2 1 5 d1 5 d4 7 d2 7 d4 9 d4 1 5 f1 5 f1 7 f2 7 f2 1 1 1 7 h1 7 h2 7 a2 1 7 c3 7 c3 7 d4 
2 3 a2 1 5 a3 7 a3 3 a3 1 1 2 a5 1 7 c1 7 c2 1 4 d1 7 d4 5 d2 5 d4 9 d4 1 4 f1 7 f1 5 f2 5 f2 1 1 1 7 h1 7 h2 5 a2 1 7 c3 7 c3 5 d4 
3 3 a2 3 a2 5 a3 9 a3 2 a3 3 a4 3 a4 2 a5 1 9 c1 9 c2 1 6 d1 5 d4 5 d2 5 d4 9 d4 1 6 f1 5 f1 5 f2 5 f2 1 1 1 9 h1 9 h2 5 a2 1 9 c3 9 c3 5 d4 
4 3 a2 3 a2 5 a3 7 a3 5 a3 5 a4 5 a4 2 a5 1 7 c1 7 c2 1 4 d1 3 d4 5 d2 5 d4 9 d4 1 4 f1 3 f1 5 f2 5 f2 1 1 1 7 h1 7 h2 5 a2 1 7 c3 7 c3 5 d4 
GM 3 1.73 5.44 7.45 3.08 1.97 1.97 2 1 7.45 7.45 1 4.95 4.79 5.44 5.44 9 1 4.95 4.79 5.44 5.44 1 1 1 7.45 7.45 5.44 1 7.45 7.45 5.44 



































































































1 1 7 h1 7 h2 1 1 7 c1 7 c2 5 d4 1 7 h1 7 h2 5 a1 1 5 a1 5 a1 5 a3 1 5 a5 3 a3 3 a3 2 a5 1 9 c1 9 c2 1 5 d1 1 3 d2 3 d2 3 d4 1 5 f1 
2 1 7 h1 7 h2 1 1 7 c1 7 c2 7 d4 1 7 h1 7 h2 4 a1 1 4 a1 4 a1 4 a3 1 4 a5 3 a3 3 a3 2 a5 1 9 c1 9 c2 1 4 d1 1 3 d2 3 d2 3 d4 1 4 f1 
3 1 9 h1 9 h2 1 1 9 c1 9 c2 5 d4 1 9 h1 9 h2 3 a1 1 3 a1 3 a1 3 a3 1 3 a5 2 a3 2 a3 2 a5 1 9 c1 9 c2 1 6 d1 1 2 d2 2 d2 2 d4 1 6 f1 
4 1 7 h1 7 h2 1 1 7 c1 7 c2 3 d4 1 7 h1 7 h2 3 a1 1 3 a1 3 a1 3 a3 1 3 a5 5 a3 5 a3 2 a5 1 9 c1 9 c2 1 4 d1 1 5 d2 5 d2 5 d4 1 4 f1 
GM 1 7.45 7.45 1 1 7.45 7.45 4.79 1 7.45 7.45 3.66 1 3.66 3.66 3.66 1 3.66 3.08 3.08 2 1 9 9 1 4.95 1 3.08 3.08 3.08 1 4.95 
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1 1 1 3 f2 5 f2 5 f2 5 f4 5 f5 1 1 7 h2 5 a1 1 5 a1 5 a1 5 a3 1 5 a5 3 a3 3 a3 2 a5 1 9 c1 9 c2 1 5 d1 5 d4 7 d2 7 d4 9 d4 1 5 f1 1 
2 1 1 3 f2 4 f2 4 f2 4 f4 4 f5 1 1 7 h2 4 a1 1 4 a1 4 a1 4 a3 1 4 a5 3 a3 3 a3 2 a5 1 9 c1 9 c2 1 4 d1 7 d4 5 d2 5 d4 9 d4 1 4 f1 1 
3 3 f1 3 f1 2 f2 6 f2 6 f2 3 f4 3 f5 1 1 9 h2 3 a1 1 3 a1 3 a1 3 a3 1 3 a5 2 a3 2 a3 2 a5 1 9 c1 9 c2 1 6 d1 5 d4 5 d2 5 d4 9 d4 1 6 f1 3 f1 
4 5 f1 5 f1 5 f2 4 f2 4 f2 3 f4 3 f5 1 1 7 h2 3 a1 1 3 a1 3 a1 3 a3 1 3 a5 5 a3 5 a3 2 a5 1 9 c1 9 c2 1 4 d1 3 d4 5 d2 5 d4 9 d4 1 4 f1 5 f1 
GM 1.97 1.97 3.08 4.95 4.95 3.66 3.66 1 1 7.45 3.66 1 3.66 3.66 3.66 1 3.66 3.08 3.08 2 1 9 9 1 4.95 4.79 5.44 5.44 9 1 4.95 1.97 



































































































1 1 3 f2 5 f2 5 f2 5 f4 5 f5 1 1 9 h1 1 5 a1 5 a1 3 a1 7 a3 5 a3 3 a3 3 a5 5 a6 5 a6 1 7 c1 7 c2 1 5 d1 5 d4 7 d2 7 d4 9 d4 1 7 e3 7 e3 1 
2 1 3 f2 4 f2 4 f2 4 f4 4 f5 1 1 9 h1 1 6 a1 6 a1 3 a1 7 a3 4 a3 3 a3 3 a5 6 a6 4 a6 1 7 c1 7 c2 1 4 d1 7 d4 5 d2 5 d4 9 d4 1 7 e3 7 e3 1 
3 3 f1 2 f2 6 f2 6 f2 3 f4 3 f5 1 1 9 h1 1 7 a1 7 a1 2 a1 9 a3 3 a3 2 a3 2 a5 7 a6 3 a6 1 9 c1 9 c2 1 6 d1 5 d4 5 d2 5 d4 9 d4 1 9 e3 9 e3 1 
4 5 f1 5 f2 4 f2 4 f2 3 f4 3 f5 1 1 9 h1 1 6 a1 6 a1 5 a1 9 a3 3 a3 5 a3 5 a5 6 a6 3 a6 1 7 c1 7 c2 1 4 d1 3 d4 5 d2 5 d4 9 d4 1 7 e3 7 e3 1 
GM 1.97 3.08 4.95 4.95 3.66 3.66 1 1 9 1 5.96 5.96 3.08 7.94 3.66 3.08 3.08 5.96 3.66 1 7.45 7.45 1 4.95 4.79 5.44 5.44 9 1 7.45 7.45 1 



















































1 5 f1 1 1 3 f2 5 f2 5 f2 5 f4 5 f5 1 1 1 
2 4 f1 1 1 3 f2 4 f2 4 f2 4 f4 4 f5 1 1 1 
3 6 f1 3 f1 3 f1 2 f2 6 f2 6 f2 3 f4 3 f5 1 1 1 
4 4 f1 5 f1 5 f1 5 f2 4 f2 4 f2 3 f4 3 f5 1 1 1 
GM 4.95 1.97 1.97 3.08 4.95 4.95 3.66 3.66 1 1 1 
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Appendix C-2 Cluster comparisons 
Note: ○1  represents “Cluster 1” 
Exp
ert 

































































































































1 7 ○1  5 ○1  1 5 ○1  1 1 7 ○4   9 ○5  7 ○6  7 ○7  7 ○8  7 ○5  1 7 ○7  7 ○8  7 ○5  1 1 7 ○7  7 ○8  1 5 ○2  3 ○1  1 1 1 1 1 1 1 1 1 
2 7 ○1  4 ○1  1 4 ○1  1 1 7 ○4  9 ○5  7 ○6  7 ○7  7 ○8  7 ○5  1 7 ○7  7 ○8  7 ○5  1 1 7 ○7  7 ○8  1 4 ○2  3 ○1  1 1 1 4 ○7  4 ○8  4 ○2  4 ○2  4 ○2  4 ○2  
3 9 ○1  6 ○1  1 6 ○1  1 1 9 ○4  9 ○5  9 ○6  9 ○7  9 ○8  9 ○5  1 9 ○7  9 ○8  9 ○5  1 1 9 ○7  9 ○8  1 6 ○2  3 ○1  3 ○1  1 3 ○1  3 ○7  3 ○8  3 ○2  3 ○2  3 ○2  3 ○2  
4 7 ○1  4 ○1  1 4 ○1  1 1 7 ○4  9 ○5  7 ○6  9 ○7  9 ○8  7 ○5  1 7 ○7  7 ○8  7 ○5  1 1 7 ○7  7 ○8  1 4 ○2  3 ○1  3 ○1  1 3 ○1  5 ○7  5 ○8  5 ○2  5 ○2  5 ○2  5 ○2  
GM 7.45 4.95 1 4.95 1 1 7.45 9 7.45 7.94 7.94 7.45 1 7.45 7.45 7.45 1 1 7.45 7.45 1 4.95 3 1.73 1 1.73 2.78 2.78 2.78 2.78 2.78 2.78 
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1 1 5 ○8  5 ○4  1 3 ○3  5 ○7  5 ○8  3 ○4  3 ○4  1 5 ○8  1 5 ○7  5 ○8  5 ○7  5 ○8  1 5 ○3  1 1 1 1 5 ○8  5 ○3  5 ○3  5 ○3  5 ○3  5 ○3  3 ○4  1 3 ○7  3 ○8  
2 1 4 ○8  4 ○4  1 3 ○3  4 ○7  4 ○8  3 ○4  3 ○4  1 4 ○8  1 4 ○7  6 ○8  4 ○7  4 ○8  1 4 ○3  1 1 1 1 4 ○8  4 ○3  4 ○3  4 ○3  4 ○3  4 ○3  3 ○4  1 3 ○7  3 ○8  
3 3 ○7  3 ○8  6 ○4  1 2 ○3  3 ○7  3 ○8  2 ○4  2 ○4  1 3 ○8  3 ○5  3 ○7  7 ○8  6 ○7  6 ○8  1 6 ○3  3 ○4  3 ○5  3 ○6  3 ○7  6 ○8  6 ○3  6 ○3  6 ○3  6 ○3  6 ○3  2 ○4  1 2 ○7  2 ○8  
4 3 ○7  3 ○8  4 ○4  1 5 ○3  3 ○7  3 ○8  5 ○4  5 ○4  1 3 ○8  3 ○5  3 ○7  6 ○8  4 ○7  4 ○8  1 4 ○3  3 ○4  3 ○5  3 ○6  3 ○7  4 ○8  4 ○3  4 ○3  4 ○3  4 ○3  4 ○3  5 ○4  1 5 ○7  5 ○8  
GM 1.73 3.66 4.95 1 3.08 3.66 3.66 3.08 3.08 1 3.66 1.73 3.66 5.96 4.95 4.95 1 4.95 1.73 1.73 1.73 1.73 4.95 4.95 4.95 4.95 4.95 4.95 3.08 1 3.08 3.08 












































































































































1 3 ○5  1 1 5 ○7  5 ○8  1 5 ○1  7 ○1  7 ○4  3 ○1  3 ○1  5 ○1  1 1 5 ○4  3 ○5  3 ○6  3 ○7  1 9 ○4  1 5 ○6  3 ○7  3 ○8  5 ○4  5 ○4  7 ○4  5 ○4  1 1 1 3 ○6  
2 3 ○5  1 1 4 ○7  4 ○8  1 4 ○1  7 ○1  7 ○4  3 ○1  3 ○1  4 ○1  1 1 4 ○4  3 ○5  3 ○6  3 ○7  1 9 ○4  1 4 ○6  3 ○7  3 ○8  4 ○4  4 ○4  7 ○4  4 ○4  1 1 1 3 ○6  
3 2 ○5  1 1 3 ○7  3 ○8  1 6 ○1  9 ○1  9 ○4  2 ○1  2 ○1  6 ○1  1 3 ○2  6 ○4  2 ○5  2 ○6  2 ○7  1 9 ○4  1 6 ○6  2 ○7  2 ○8  6 ○4  3 ○4  9 ○4  6 ○4  3 ○6  1 1 2 ○6  
4 5 ○5  1 1 3 ○7  3 ○8  1 4 ○1  7 ○1  7 ○4  5 ○1  5 ○1  4 ○1  1 3 ○2  4 ○4  5 ○5  5 ○6  5 ○7  1 9 ○4  1 4 ○6  5 ○7  5 ○8  4 ○4  3 ○4  7 ○4  4 ○4  3 ○6  1 1 5 ○6  
GM 3.08 1 1 3.66 3.66 1 4.95 7.45 7.45 3.08 3.08 4.95 1 1.73 4.95 3.08 3.08 3.08 1 9 1 4.95 3.08 3.08 4.95 3.66 7.45 4.95 1.73 1 1 3.08 
















































































































































1 3 ○6  1 5 ○1  1 5 ○1  5 ○5  1 5 ○7  5 ○8  7 ○3  3 ○4  7 ○5  7 ○6  7 ○7  7 ○8  7 ○3  1 3 ○3  3 ○7  3 ○8  5 ○5  1 5 ○7  5 ○8  5 ○5  1 1 5 ○7  5 ○8  1 5 ○1  5 ○1  
2 3 ○6  1 4 ○1  1 4 ○1  4 ○5  1 4 ○7  4 ○8  7 ○3  3 ○4  7 ○5  7 ○6  7 ○7  7 ○8  7 ○3  1 3 ○3  3 ○7  3 ○8  6 ○5  1 4 ○7  4 ○8  4 ○5  1 1 4 ○7  4 ○8  1 4 ○1  4 ○1  
3 2 ○6  1 6 ○1  3 ○3  3 ○1  6 ○5  1 6 ○7  6 ○8  9 ○3  2 ○4  9 ○5  9 ○6  9 ○7  9 ○8  9 ○3  3 ○3  2 ○3  2 ○7  2 ○8  7 ○5  1 6 ○7  6 ○8  6 ○5  1 3 ○5  6 ○7  6 ○8  1 6 ○1  6 ○1  
4 5 ○6  1 4 ○1  3 ○3  3 ○1  4 ○5  1 4 ○7  4 ○8  7 ○3  5 ○4  7 ○5  7 ○6  7 ○7  7 ○8  7 ○3  3 ○3  5 ○3  5 ○7  5 ○8  6 ○5  1 4 ○7  4 ○8  4 ○5  1 3 ○5  4 ○7  4 ○8  1 4 ○1  4 ○1  
GM 3.08 1 4.95 1.73 3.66 4.95 1 4.95 4.95 7.45 3.08 7.45 7.45 7.45 7.45 7.45 1.73 3.08 3.08 3.08 5.96 1 4.95 4.95 4.95 1 1.73 4.95 4.95 1 4.95 4.95 










































































































































1 5 ○1  5 ○1  1 5 ○1  5 ○1  1 5 ○4  5 ○5  7 ○6  5 ○7  5 ○8  5 ○4  5 ○5  7 ○6  5 ○7  5 ○8  1 5 ○6  5 ○7  5 ○8  5 ○6  1 3 ○8  5 ○6  3 ○6  1 5 ○3  5 ○4  5 ○5  7 ○7  7 ○8  5 ○3  
2 4 ○1  4 ○1  1 4 ○1  4 ○1  1 4 ○4  4 ○5  7 ○6  4 ○7  4 ○8  4 ○4  4 ○5  7 ○6  4 ○7  4 ○8  1 4 ○6  4 ○7  4 ○8  4 ○6  1 3 ○8  4 ○6  3 ○6  1 4 ○3  4 ○4  4 ○5  7 ○7  7 ○8  4 ○3  
3 6 ○1  6 ○1  1 6 ○1  3 ○1  3 ○3  6 ○4  6 ○5  9 ○6  6 ○7  6 ○8  3 ○4  6 ○5  9 ○6  6 ○7  6 ○8  3 ○5  6 ○6  6 ○7  6 ○8  6 ○6  1 2 ○8  3 ○6  2 ○6  1 3 ○3  3 ○4  3 ○5  9 ○7  9 ○8  3 ○3  
4 4 ○1  4 ○1  1 4 ○1  3 ○1  3 ○3  4 ○4  4 ○5  7 ○6  4 ○7  4 ○8  3 ○4  4 ○5  7 ○6  4 ○7  4 ○8  3 ○5  4 ○6  4 ○7  4 ○8  4 ○6  1 5 ○8  3 ○6  5 ○6  1 3 ○3  3 ○4  3 ○5  7 ○7  7 ○8  3 ○3  
GM 4.95 4.95 1 4.95 3.66 1.73 4.95 4.95 7.45 4.95 4.95 3.66 4.95 7.45 4.95 4.95 1.73 4.95 4.95 4.95 4.95 1 3.08 3.66 3.08 1 3.66 3.66 3.66 7.45 7.45 3.66 
Exp
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1 3 ○3  1 1 5 ○5  1 3 ○8  3 ○5  1 1 1 3 ○1  7 ○5  1 7 ○7  7 ○8  7 ○3  1 7 ○3  1 1 7 ○5  3 ○4  5 ○7  5 ○8  5 ○5  1 1 7 ○7  7 ○8  1 
2 3 ○3  1 1 4 ○5  1 3 ○8  3 ○5  1 1 1 3 ○1  7 ○5  1 7 ○7  7 ○8  7 ○3  1 7 ○3  1 1 7 ○5  3 ○4  4 ○7  4 ○8  4 ○5  1 1 7 ○7  7 ○8  1 
3 2 ○3  3 ○3  3 ○3  3 ○5  1 2 ○8  2 ○5  3 ○5  1 1 2 ○1  9 ○5  1 9 ○7  9 ○8  9 ○3  1 9 ○3  1 1 9 ○5  2 ○4  6 ○7  6 ○8  6 ○5  1 1 9 ○7  9 ○8  1 
4 5 ○3  3 ○3  3 ○3  3 ○5  1 5 ○8  5 ○5  3 ○5  1 1 5 ○1  7 ○5  1 7 ○7  7 ○8  7 ○3  1 7 ○3  1 1 7 ○5  5 ○4   4 ○7  4 ○8  4 ○5  1 1 7 ○7  7 ○8  1 
GM 3.08 1.73 1.73 3.66 1 3.08 3.08 1.73 1 1 3.08 7.45 1 7.45 7.45 7.45 1 7.45 1 1 7.45 3.08 4.95 4.95 4.95 1 1 7.45 7.45 1 
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Appendix D: Questions and answers of pairwise comparisons by 
Super Decisions software 
 
Appendix D-1 Node comparisons with respect to a1 
 
 




  Page 250    
 
 
Appendix D-2 Node comparisons with respect to a2 
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Appendix D-3 Node comparisons with respect to a3 
 
 








Appendix D-4 Node comparisons with respect to a4 
 








Appendix D-5 Node comparisons with respect to a5 
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Appendix D-7 Node comparisons with respect to b1 
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Appendix D-9 Node comparisons with respect to b3 
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Appendix D-10 Node comparisons with respect to c1 
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Appendix D-11 Node comparisons with respect to c2 
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Appendix D-12 Node comparisons with respect to c3 
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Appendix D-13 Node comparisons with respect to d1 
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Appendix D-15 Node comparisons with respect to d3 
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Appendix D-16Node comparisons with respect to d4 
 
 








Appendix D-17 Node comparisons with respect to e1 
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Appendix D-19 Node comparisons with respect to e3 
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Appendix D-20 Node comparisons with respect to f1 
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Appendix D-26 Node comparisons with respect to g2 
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Appendix D-30 Cluster comparisons with respect to Cluster 1 
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Appendix D-33 Cluster comparisons with respect to Cluster 4 
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Appendix E: Participant feedback questionnaire 
 
This survey is intended to assess your degree of satisfaction with the outcomes of this 
study. 
 Not at all To little extent To some extent To a great extent  To a very great extent 
Q1. Do you think the attributes and factors adopted could help you gain a better understanding of the problems associated with HVAC retrofits? 
          
Q2. Do you think that the different perspectives of stakeholders provided could help you gain a better understanding of conflicts among stakeholders? 
          
Q3. Do you think that the relationships between attributes and factors could help clients or other stakeholders make decisions more easily?  
          
Q4. Do you think that the ANP is a good technique for stakeholder evaluation of HVAC retrofit projects? 
          
Q5. Did you find the pairwise comparison easy to follow?           
Q6. Do you think group decision-making is more useful than individual decision-making for problems associated with HVAC retrofits? 
          
Q7. Are you confident with the results obtained using the ANP model?           
Q8. Do you find the toolkit useful?           
Q9. Have you found the whole study valuable?            
 
